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PREFACE. 

As the title of this book indicates, its purpose is to 
present the general concepts and laws of physics and chem- 
istry which lie at the basis of the modern science of theo- 
retical chemistry. It forms the first, introductory part of a 
projected work upon this science, to be entitled the General 
Principles of Chemistry, the later parts of which are to treat, 
in succession, of the Greneral Theories of Chemistry, of the 
Relations between Physical Properties and Chemical Com- 
position, of the Principles relating to the Occurrence and 
Equilibrium of Chemical Changes, and of the Principles re- 
lating to the Energy-changes Attending Chemical Changes. 
As the work has had to be discontinued, it has been thought 
advisable to publish the part already completed, in the hope 
that it may assist students of theoretical chemistry by supply- 
ing, in a concise and consistent form, the essential preliminary 
knowledge of the fundamental principles of physical science. 
The method of presentation of these principles may also be 
of interest to teachers of general physics and chemistry, since 
an effort has been made to attain precision in the statement 
of laws and definitions, since the energy-concept has been 
employed, as far as seemed possible, as the basis of the con- 
sideration of other physical concepts, and since the difficult 
subject of the Second Law of Energetics has been very fully 
discussed from a non-mathematical standpoint. 

The treatment throughout is a systematic, not a histori- 
cal one. It is essentially non-mathematical, but it is assumed 
that the reader knows the significance of differential and in- 
tegral expressions, and that he is acquainted with a few of the 
simpler operations of the Calculus. On the purely physical 
side, the treatment is complete and intelligible in itself, in 
the sense that each term employed is first defined ; but it 
has been necessary to so condense it, that it can hardly 
be fully appreciated except by one who has had a fairly 
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thorough course in general physics : on this side, the book 
is intended to serve as a systematic review of the important 
physical concepts and principles, and as an aid in acquir- 
ing a definite and precise conception of them. It is the 
practice of the author to emphasize their significance by 
requiring of his classes the solution of numerous prob- 
lems. On the other hand, those considerations which 
have an especially important chemical bearing are very 
fully presented. This is true, for example, of the charac- 
teristics of chemical substances, of the concepts of combin- 
ing) equivalent, and molecular weights, of the physical 
properties and energy-relations of gases, of the work involved 
in volume-changes, of Faraday's Law, and of the First and 
Second Laws of Energetics. Theories are not discussed at 
all in this book ; for, in the author's opinion, it is desirable, 
in order to avoid producing an exaggerated idea of their 
significance, to present fundamental principles independently 
of them. 

References are not inserted in the body of the book, 
but are given in an appendix. Their purpose is to bring 
to the attention of the reader more extended discussions 
of the subjects treated in the text, to give the authorities 
for the numerical data cited, and to indicate the works to 
which the author is especially indebted. The notation em- 
ployed is summarized in a second appendix ; for much atten- 
tion has been devoted to this matter, with the view of 
devising for physico-chemical purposes a system consistent in 
itself and yet according as nearly as possible with common 
usage. 

In conclusion, the author wishes to express his great in- 
debtedness to many friends for criticisms and suggestions, es- 
pecially to Dr. H. M. Goodwin, Prof. H. E. Clifford, Dr. W. 
D. Coolidge, Dr. E. Weintraub, Mr. J. G. Coffin, and Mr. M. 

Rosenberg. 

Arthur A. Noyes. 
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CHAPTER I. 



THE OBJECT, THE METHODS, AND THE SUBDIVISIONS OF 

SCIENCE. 

I. The Object of Science. — It is the object of sci- 
ence to facilitate the acquirement of a knowledge of the 
phenomena of nature by devising means for their mental 
representation, thus replacing by simple operations of 
thought the slow, laborious process of acquiring that 
knowledge by the observation of the innumerable isolated 
phenomena. // is therefore the object of science to make the 
completest possible presentation of natural phenomena in such 
a manner that a knowledge of them can be acquired with the 
least possible expenditure of effort. 

It is to be noted that the acquirement of this knowl- 
edge has two distinct aspects : on the one hand, science 
aims to make as easy as possible the comprehension on the 
part of individuals of the knowledge already acquired by 
mankind ; and, on the other, it aims to add to the total 
sum of human knowledge by leading to the discovery of 
previously unknown phenomena. 

This statement of the object of science should be care- 
fully, noted, in order that the reader may fully appreciate 
the significance of the various principles and hypotheses 
employed for the mental representation of phenomena, it 
being evident that the value of such means of representa- 
tion is to be estimated solely through a consideration of the 
extent to which they assist in attaining that object — that 
is, in facilitating the acquirement of a knowledge of natural 
phenomena. 

It will be clear from this statement that, however 
abstract or theoretical the methods of science may be, its 
object, the saving of labor in the acquirement of knowledge, 
is a concrete and highly practical one. Moreover, the 
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knowledge which it is the ultimate object of natural science 
to make readily available, is only the knowledge of actual 
phenomena, that is, of those natural conditions and changes 
which lie within the possible range of our experience. 
Thus, it is not a part of its ultimate object to acquire 
knowledge in regard to mentally conceived existences, such 
as the atoms of matter, or the particles of luminiferous 
ether, which are of such a magnitude and character as to 
lie far beyond the limits of human perception. By this 
statement it is not, however, meant to deny that such 
mental conceptions may be of great scientific value, or that 
the development of them forms a legitimate part of the 
process by which the object of science is to be attained ; 
but it is desired to emphasize the idea that such knowledge 
is the means to an end, and not the end itself. 

The value of a knowledge of natural phenomena is so 
generally recognized that it is not necessary to discuss it. 
But, in order to guard against a misinterpretation of the 
statement that the object of science is a practical one, by 
which was meant that the knowledge aimed at is only that 
of actual phenomena, it may be added that the value of 
science arises from the fact that it satisfies the demands 
of the intellectual faculties of man — his desire to know 
the phenomena of the external world with which he is in 
contact — as well as from the fact that it greatly assists 
in promoting his material welfare. 

2. The Methods of Science. — The first stage in the 
development of a science is the acquirement by observation 
and experiment of a knowledge of some of the specific 
phenomena of nature. Some of the isolated facts which 
it will be the object of the science to correlate, and thus 
make more readily comprehensible, are first accumulated. 
These constitute the data of the science. 

For the correlation of these facts two distinct methods 
are employed, known respectively as the inductive or empiri- 
cal method and the deductive or theoretical one. 
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The inductive method consists in a comparison of the 
isolated observations with one another, with the object of 
deriving from them some general statement which shall em- 
brace and sum up a number of the phenomena or of their 
characteristics. A general statement or principle of this 
kind so derived is called an induction^ and the process of 
reasoning by which it is derived is called inductive reason* 
ing; that is, inductive reasoning is the mental process by 
which general principles are derived front a consideration 
of specific cases. An induction which has been derived by 
a consideration of a comparatively few specific phenomena, 
must next be tested as to the extent of its applicability 
to phenomena in general. If it is found that the principle 
is one which expresses a common characteristic of a large 
number of natural phenomena, and that it is not in contra- 
diction with any phenomenon, it is designated an empirical 
law of nature. 

It is important to realize, however, that the universal 
validity of any such so-called law of nature is always a ques- 
tion of greater or less probability; for, since it is utterly 
impossible to test the law by applying it to all phenomena, 
it is never certain that some case will not be discovered in 
which the law does not hold true. The probability that a 
law will prove to be applicable to any new phenomenon is 
of course greater, the greater the number, and the more 
varied the character, of the phenomena to which it has been 
already found applicable ; and only when these phenomena 
are extremely numerous and diversified does the probabil- 
ity that the law is universally true approach a certainty. 

In the application of an accepted law to a new phe- 
nomenon the scientist must therefore always consider the 
character and extent of the experience which has led to its 
acceptance : he must not, on the one hand, underestimate^ 
as unscientific minds are apt to do, the probability that a 
well-established law will hold true in the case of any new 
phenomenon ; nor must he, on the other, dogmatically assert 
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that the .alleged phenomenoix is impossible because it is 
inconsistent with the accepted law. For example, the laws 
that neither matter nor energy is ever created or destroyed 
are based on so extensive and varied an experience in all 
branches of science, that a statement that a process for the 
creation of matter has been discovered or a perpetual motion 
machine invented is so improbable as scarcely to deserve 
scientific consideration. The law that certain substances, 
the so-called elements, are not transformed into one another 
by any process whatever, is likewise one to which a very 
high degree of probability attaches ; for the large number 
of attempts that have been made to effect such a transfor- 
mation have all resulted in failure. Nevertheless, a consid- 
eration of the character of the evidence in favor of the 
universal validity of this law leads to the conclusion that 
the probability of discovering an exception to it, although 
slight, is considerably greater than that of meeting with an 
exception to the Laws of the Conservation of Matter and 
Energy ; a statement that one of the well-established ele- 
ments had been transformed into another should, therefore, 
before it is accepted, be subjected to the closest scientific 
criticism, and confirmed by conclusive experimental proof. 

The discovery that a law is not universally applicable 
does not entirely destroy, though it does lessen, its sci- 
entific value: it only increases the probability that other 
exceptions to the law will be met with. It is in such a 
case desirable to establish definitely by experimental inves- 
tigation the class of phenomena to which the law invari- 
ably applies; for, though restricted thereby in scope, the 
degree of certainty attaching to applications of it is greatly 
increased. 

It is evident that the object of science might be com- 
pletely attained by the inductive method if it were possible 
to derive, from an examination of the data, a few principles 
of such comprehensiveness and definiteness that the vast 
number of natural phenomena could be represented by 
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them. Experience has shown, however, that, oa account 
of the great complexity of phenomena, it is not possible — 
at any rate, immediately — to derive inductively universal 
principles of this character. Recourse is therefore had to 
the second method referred to above: failing to effect 
further simplification through a consideration of the facts 
themselves and of the laws already derived from them, in- 
vestigators attempt to accomplish it by imagining some 
state of things which has some of the phenomena, or of 
the laws generalizing them, as its necessary consequences. 
A concept of this kind, of which no direct experimental 
verification has been given, is called a hypothesis ; that is, 
a hypothesis is an assumption of the existence of conditions 
of which we have no direct experimental evidence, having 
for its purpose the correlation of known phenomena and 
the discovery of new ones. A hypothesis of this kind hav- 
ing been formed, all its logical consequences are derived 
from it, and the conclusions thus reached are tested by 
observation and experiment as to their correspondence with 
actual phenomena. 

The process of reasoning by which such conclusions 
are derived is called deductive or a priori reasoning; that is 
to say, deduction is the mental process by which special con- 
clusions are derived from more general propositions. It is 
the inverse of induction. Conclusions which have been 
thus derived from hypotheses, but have received no direct 
experimental proof, will be designated theoretical principles 
throughout this work, the term law being confined to gen- 
eral statements, whether arrived at inductively or deduc- 
tively, which have been directly verified by experiment. 
The whole body of conclusions derived from a single 
hypothesis or a few related hypotheses, constitutes a 
theory. The larger the number of otherwise unrelated facts 
or empirical laws which the theory serves to correlate, and 
the simpler its character, the more valuable and efficient it 
is as a means of simplification. Aside from its function as 
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a means of facilitating the acquirement of existing knowU 
edge, a theory may also be of vakie by leading to the dis- 
covery of new facts and new laws. 

It should be distinctly recognized, however, that the 
•development of hypotheses and theories is one of the 
methods employed in attaining the object of science, and 
not the object itself, and that they are to be discarded when 
any simpler means of attaining that object is discovered. 
It is highly important that the student of science should 
constantly keep in mind the radical distinction between 
facts and laws on the one hand, and hypotheses and theo- 
retical principles on the other; for the history of science 
and education proves that there is a great tendency to 
attribute to the latter an undue importance, so that a 
theory, especially one which has already proved of great 
scientific value, may come to be a hindrance to increase of 
knowledge and to further progress of the science, by caus- 
ing facts inconsistent with the theory, or not comprehended 
by it, to be ignored, thus giving to the science a one-sided 
development. It is also a very common error to believe 
that the knowledge of a group of phenomena or the value 
of an empirical law is increased merely by devising a 
hypothesis of which the phenomena or law can be shown 
to be a necessary consequence. Thus, by reason of the 
fact that no definite hypothesis in regard to the nature of 
electricity exists, it is apt to be thought that the knowledge 
of electrical phenomena is vague and unsatisfactory, which 
is by no means the case. If a theory were devised which 
brought to light new relationships, not previously recog- 
nized, between electrical phenomena it would, indeed, be 
of scientific value. If, without doing this, it merely "ex- 
plained " a law relating to those phenomena by showing it 
to be the consequence of a certain assumption, it might, if 
adopted seriously as a part of the science, be an encum- 
brance to it, not an aid ; for a hypothetical element which 
might lead to false conclusions would be introduced, with- 
out a compensating advantage. If it be fully appreciated 
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that the object of science is to make known the phenomena 
of nature, and not to answer the question why they are so, 
there will be less danger of attributing an undue weight to 
hypothetical considerations. 

3* The Subdivisions of Science; — f*or the sake of 
convenience, the vast number of natural phenomena with 
which science as a whole has to deal are classified into 
several distinct groups, which can be treated separately to 
a certain extent. The systematized knowledge relating to 
these groups of phenomena constitutes the separate sciences. 
These may be primarily subdivided into three classes : first, 
the abstract sciences, logic and mathematics, which treat, 
qualitatively and quantitatively respectively, of the necessary 
relations between phenomena — that is, of the relations 
which are common to all phenomena, and have been so im- 
pressed on the mind by universal experience that they have 
become conditions of thought ; second, the abstract-concrete 
or physical sciences, chemistry and physics, which treat of 
the properties of substances and bodies in the abstract — 
that is, without reference to any definite aggregates; and 
third, the concrete sciences, which treat of the properties 
of definite aggregates, for example, astronomy, geology, 
biology, and anthropology, which treat of the heavenly 
bodies, the earth, living bodies, and man, respectively. 

The provinces of the two physical sciences, chemistry 
and physics, may be defined as follows. Chemistry treats 
of the specific properties of chemical substances, both in the 
pure state and as components of mixtures, and of their trans- 
formations into one another. Physics treats of the proper- 
ties of bodies without reference to the chemical substances 
contained in them, and of all changes except those involving 
transformations of chemical substances. The terms used in 
these definitions are explained in sections 6 and 9. 

This Part of the book is devoted to the fundamental 
considerations underlying both of these sciences. It has 
therefore been entitled The General Principles of Physical 
Science. 



CHAPTER II. 

THE FUNDAMENTAL CONCEPTS OF PHYSICAL SCIENCE. 

4. Xhe Fundamental Concepts. — The study of natu- 
ral phenomena has led to the adoption of four most funda- 
mental concepts, or abstract ideas, called space^ time^ matter^ 
and energy. As some, or all, of these concepts are in- 
volved in the explanation of every phenomenon, their 
characteristics, the laws relating to them, and the units 
employed for their measurement will be first considered. 

5. Space and Time. — The concepts of space and 
time have become familiar to us from continual experience. 
They are so fundamental and abstract in character that any 
definition of them would be only a substitution of terms 
scarcely more intelligible than the names themselves. 

The change of the position of a body with reference to 
some point in space is called motion. The rate at which a 
moving body changes its relative position, or the ratio of 
the distance (/) traversed to the time (r) is called its 
velocity (u). If the motion is not uniform, the ratio of very 
small intervals of space and time must be taken; that is, 
u = dl: dr. The rate at which a moving body changes its 
velocity is called its acceleration (a) ; that is, a=^du: dr. 

For the measurement of space, time, and other physical 
quantities, a great variety of units has been employed at 
different times and places ; but in scientific considerations a 
single system of units, known as the absolute or centimeter- 
gram-second {C. G. S.) system^ has now been almost univer- 
sally adopted as the standard one. Units which are exact 
decimal multiples of those in this system are, however, also 
commonly employed. The unit of length in this system 
is the centimeter {cm.)^ which is defined to be one one- 
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hundredth part of the distance between two scratches on 
a standard platinum-iridium bar kept at Paris, when the 
bar is at the temperature of melting ice. For the meas- 
urement of surfaces the square centimeter (sqcm.), and for 
that of volumes the cubic centimeter (ccm.) is employed. 
Another unit for the measurement of volumes is also in 
common use, especially in chemical work ; this is called the 
liter (Z.), and is by definition the volume of looo grams 
of water at the temperature of its maximum density : this 
volume is very nearly equal to lOOO ccm. The unit of 
time adopted is the second^ or g^^^^ part of a mean solar 
day, which is the average, determined throughout the year, 
of the intervals of time elapsing between the successive 
daily transits of the sun over the meridian at any place 
on the earth's surface. 

6. The Concepts of Matter and Energy. — Experi- 
ence shows that different portions of the space about us, 
and the same portion of space at different times, affect our 
senses differently, giving rise to distinct mental impres- 
sions, which are known as phenomena. The existence of 
such mental impressions leads to the conclusion that there 
exist in our surroundings real things of limited extension 
which give rise to those impressions ; these inferred reali- 
ties are called objects^ bodies^ or substances^ and the various 
powers of affecting the senses which they possess are called 
thoAX properties. The choice between the three terms, ob- 
ject, body, and substance, depends on the standpoint from 
which the properties are considered. The thing giving rise 
to the impressions is called an object when it is desired 
to denote the properties of a definitely bounded portion of 
space, the idea of a definite form being implied ; a body 
when it is desired to denote the properties of a definite 
portion of matter ; and a substance when the properties are 
considered more abstractly, without reference either to 
their spacial extension or their association with any defi- 
nite amount of matter. Thus we speak of the image of an 
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object in a mirror or of the shadow cast by an objecty for 
these are phenomena in which the form of the thing giving 
rise to the impressions comes prominently into considera- 
tion ; we speak of the attraction of two bodies for one an- 
other, or the work done by a moving body^ or of the laws 
of falling bodieSy for these are phenomena independent of 
form but closely connected with quantity of matter; and, 
finally, we speak of the solubility or the melting- or boiling- 
point of a substance^ for these properties are not affected 
either by the form or by the quantity of matter considered. 
Many properties, to be sure, like color or hardness, are 
common to objects, bodies, and substances, the usage then 
being determined by the connotation in the directions stated 
which it is desired to give to the term. The not uncom- 
mon use, especially in descriptive chemistry, of the word 
body to designate a chemical substance, is inappropriate 
and unnecessary. The properties of substances when so 
expressed as to be characteristic of them and independent 
of the quantity of matter or form which bodies composed of 
them may possess, are called specific properties ; thus, spe- 
cific gravity, specific volume, crystalline structure, specific 
heat, are specific properties of substances, but weight, vol- 
ume, form, and heat capacity are properties of bodies rather 
than of substances. 

It is found now that there are certain properties, specif- 
ically described in the following section, which are possessed 
by all bodies, and which in a definite body do not undergo 
a change in magnitude under any circumstances whatever, 
no matter how great may be the changes in its other proper- 
ties. These facts have led to the conception of the exist- 
ence of something that gives rise to the localization of the 
phenomena from which are inferred the existence and prop- 
erties of bodies, and to the constancy and persistence of 
certain of their properties. This conceived entity is called 
matter. 
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Most of the properties of bodies, however, are found 
to undergo great changes, some of them entirely disappear- 
ing, and other new ones taking their place. This fact leads 
to the conception that there exists in the universe some 
thing or things other than matter which, by association with 
it, gives rise to the changes in properties which bodies ex- 
hibit, and gives to them the power of producing changes in 
the properties of other bodies. The changes produced are 
very varied in character ; thus, they may consist of changes 
in the relative position, the state of motion, the temperature, 
the volume, the form, the state of aggregation, the chemical 
composition, or in almost any other property, of the bodies 
concerned. The powers to produce such changes, moreover, 
arise from apparently quite distinct characteristics in the 
bodies possessing them, such as motion, attraction, difference 
of pressure or temperature, electrification, and chemical 
affinity. It is found, however, that such powers often quan- 
titatively replace one another, and often give rise to identical 
effects. The changes in properties and the power to pro- 
duce them are therefore conceived to arise, not from a 
number of distinct entities, but from a single one, which 
i» capable, however, of manifesting itself in a variety of 
different ways. That which gives rise to the changes in 
the properties of bodies and to the power to produce such 
changes is called energy. This definition is obviously only 
a qualitative one. It is sufficient, however, to enable the 
presence of energy to be recognized ; thus, whenever any 
change in the properties or relations of bodies occurs, it 
shows that an energy-change is taking place, and whenever 
a body exhibits the power of producing changes in other 
bodies, it is to be inferred that it possesses energy. 

The general principles relating to the concept of matter, 
and the properties of bodies most closely connected with it, 
will be discussed in Chapter III; while those relating to 
energy, and changes in the properties of bodies considered 
with reference to it, will form the subject of Chapter IV. 



CHAPTER III. 

THE GENERAL PRINCIPLES RELATING TO MATTER. 

7. Matter, its Quantitative Measurement, and the 
Law of its Conservation. — Experience shows that when 
a moving body comes in contact with another body and 
thereby parts with some or all of its motion, changes are 
produced in the condition and properties of both bodies, 
for example, in the directions and rates of their motion, in 
their forms, or in their temperatures. A moving body there- 
fore possesses energy in virtue of its motion : such energy 
is called kinetic energy. Now it is found that the kinetic 
energy which a definite body moving at any definite velocity 
possesses is an invariable quantity characteristic of the 
body, and entirely independent of its other variable prop- 
erties, such as its volume, form, temperature, or state of 
aggregation : this property of a body which determines the 
quantity of kinetic energy it possesses when moving at a 
definite velocity is called its capacity for kinetic energy y or 
its mass. Secondly, experience shows that any body located 
at a distance from another body tends to approach it, and 
does in fact move towards it, unless prevented by some 
other cause. The bodies therefore possess energy in virtue 
of their relative position and inherent tendency to approach 
each other : such energy is called gravitation energy. Now, 
it is found that the gravitation energy which a definite body 
possesses, when placed at any definite distance from any 
definite second body, is an invariable characteristic of each 
of the two bodies, and entirely independent of the other 
variable properties they may exhibit : this property of a 
body, in virtue of which it possesses under the stated 
conditions a definite quantity of gravitation energy, may be 

14 
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* 

called its capacity for gravitation energy. This quantity 
is mathematically defined in Chapter IV. 

Thus there are two properties of a body which are per- 
sistent, inherent ones, not detachable from the body, and 
therefore differing markedly from its other variable proper- 
ties, which are only temporarily associated with it. It is 
therefore natural to attribute these constant properties to 
the existence in the body itself of something which gives 
rise to them, an assumption which simplifies the interpre- 
tation of phenomena: that which gives rise to these con- 
stant properties is called matter. 

The persistence of these two properties is, however, by 
no means all that is implied in the concept of matter. A 
further inference is to be drawn from the fact that every 
portion of space which is capable of giving rise to any men- 
tal impression whatever, is always capable of giving rise to 
those definite impressions from which are inferred the prop- 
erties which have been called the capacities for kinetic and 
gravitation energy. This inference is, that matter is that 
which gives rise to the localization of the complex of prop- 
erties which certain portions of space exhibit. Even though, 
on the one hand, it must be admitted that *the existence of 
matter is inferred only from the various energy manifesta- 
tions which bodies exhibit, it must be acknowledged, on the 
other, that there are no manifestations of energy except 
those which are associated with the manifestations of it 
that have led to the adoption of the concept of matter : in 
a word, the two assumed entities, matter and energy, are 
indissolubly connected in our experience. The concept of 
matter, therefore, would still remain an important one, even 
if it were admitted, as some scientists have contended, that 
matter can be fully interpreted in terms of energy ; for it is 
the expression of certain permanently associated relations 
which are involved in every natural phenomenon. 

The two properties which have most directly led to 
the assumption of the existence of matter are, a3 has been 
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just seen, the capacities for kinetic and gravitation energy. 
These two quantities are, however, in the case of definite 
bodies strictly proportional to each other ; for, according to 
Newton's Law of Gravitation, the force of attraction be- 
tween any two bodies (or the degree of their tendency to 
approach each other) is directly proportional to the product 
of their masses^ and inversely proportional to the square of 
the distance between them ; and this force of attraction, 
though not identical with the invariable property of bodies 
which has been designated their capacity for gravitation 
energy, is nevertheless proportional to it in the case of dif- 
ferent bodies, provided the force of their attraction be meas- 
ured with reference to a definite body placed at a definite 
distance from them. 

To distinguish these two properties, the brief terms mass 
and weight are appropriately employed. These may be de- 
fined as follows, some standard body (like the kilogram-proto- 
Xy^ at Paris) being first adopted. as a unit of mass and weight : 
The mass of any body is the ratio of the kinetic energy 
it has, to that which the unit-mass has, when both are moving 
with the same velocity. The weight of any body is the 
ratio of the gravitation energy it has, with respect to the earth, 
to that which the unit-weight has, when both are located at 
the same point. Then it follows from Newton's Law that 
mass and weight are numerically equal, and that either of 
them may be taken as a measure of quantity of matter (m). 
Since matter is an abstract copcdpt similarly related 
both to kinetic and to gravitation energy, and since it 
possesses other less definite connotations, it is inappro- 
priate that quantity of matter should be designated by 
either of the concrete terms mass or weight. Moreover, 
great diversity of usage exists in this respect, since the 
term mass is commonly employed by physicists on account 
of the confusion which arises in physical considerations 
from the use of the term weight to designate both a force 
and a quantity of matter ; while the term weight is gener- 
ally employed by chemists, since it is a direct expression of 
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the property actually measured, since it is the term univer- 
sally employed in ordinary life and in commercial transac- 
tions, and since the identification of quantity of matter with 
capacity for kinetic energy, mass, is at least equally inappro- 
priate with its identification with capacity for gravitation 
energy, or with weight. In order to avoid this impropriety 
of using one word to express two distinct ideas^ and to do 
away with the diversity of usage referred to, it would be 
necessary to introduce at least one new term. For example, 
it has recently been suggested to use the word mass to des- 
ignate quantity of matter in the abstract, kinergity to signify 
capacity for kinetic energy, and weight to represent the 
force of attraction towards the earth. Though the adoption 
of some new third term would be conducive to much greater 
clearness in dealing with the fundamental concepts of sci- 
ence, it is not advisable to make use of unusual expressions 
in an elementary treatise, except in cases where their em- 
ployment avoids really serious confusion in the subjects 
treated, or avoids frequent and lengthy circumlocutions. 
Throughout this work, therefore, the term weight will be 
commonly employed, in accordance with the usage of most 
leading chemists, to designate quantity of matter. 

The unit-quantity of matter employed in scientific, work 
is called the grants and is defined to be one one-thousandth 
part of the quantity of matter in a standard piece of plati- 
num-iridium kept at Paris. The mass and weight of the 
gram are approximately equal to those of a cubic centimeter 
of pure water at the temperature of its maximum density. 
Recent determinations of the ratio between the weight of 
the standard gram and that of this quantity of water have 
given as the most probable value 1:0.99996, so that the 
difference between the two quantities may almost always be 
neglected. 

The term density {D) is employed to designate the quan- 
tity of matter in the unit of volume; that is, D=^mlv, 
The density of a body is obviously almost exactly equal, 
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when the centimeter-gram-second system of units is em- 
ployed, to the ratio of the weight of any definite volume of 
the body to that of an equal volume of water at the tem- 
perature of its maximum density. This ratio is called spe- 
cific gtavity. The reciprocal of the specific gravity or den- 
sity of a body, or the volume occupied by one g^m of it, is 
called its specific volume (z/) ; that is, z/ = vim. 

When two or more different substances are uniformly 
distributed throughout the same space, it is customary to 
employ the term concentration (c) to designate the weight 
of any one of them in the unit of volume. 

It has been seen that, however radical may be the 
changes produced in the other properties of a body, its 
mass and its weight determined under the same conditions 
remain unchanged, a fact which is commonly expressed, 
adopting the concept of matter, by the statement that mat- 
ter is not created nor destroyed by any process whatever. 
This principle is known as the Law of the Conservation of 
Matter 

This fundamental law has been inductively derived 
from a very large number of experiments, including many 
chemical analyses and syntheses. Recent experiments, in 
which chemical reactions were caused to take place in closed 
vessels whose weights were determined before and after the 
change, have shown that the variation in the weight of the 
reacting bodies certainly does not exceed one one-millionth 
part. Thus in one experiment, 86.75 grams of silver sul- 
phate and 238.25 grams of water were placed in one arm of 
a n -shaped glass tube and 2CX) grams of crystallized ferrous 
sulphate and 125 grams of dilute sulphuric acid in the other 
arm, and the tube was hermetically sealed and weighed. 
The tube was then inverted, whereby the two liquids be- 
came mixed and a reaction took place, resulting in the pro- 
duction of metallic silver and ferric sulphate. The tube 
was then weighed again, and was found to have an apparent 
weight of 0.00013 gram less than that at first, correspond- 
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ing to a decrease of only y^iriinnr P^^ ^^ ^^ weight of the 
reacting ferrous and silver sulphates. As this small appar- 
ent decrease may well have been due to error in weighing, 
no significance is to be attributed to it. But it is to be 
noted that this experiment only proves that the Law of the 
Conservation of Matter is not inaccurate in this case by a 
greater amount than that mentioned. This illustrates, more- 
over, the general principle that, since all measurements are 
subject to a greater or less experimental error, it is not pos- 
sible to prove the absolute exactness of any law. It is, 
therefore, always important to state within what limits the 
accuracy of a law has been tested. 

8. The States of Aggregation and Other Physical 
States of Matter. — When to a homogeneous solid sub- 
stance, like a mass of ice, kept under a definite pressure, 
for example that of the atmosphere, heat is continuously 
imparted, the following phenomena are generally observed : 
The substance first exhibits a steady rise in temperature 
attended by a slight increase in volume. When a definite 
temperature has been reached, no further rise of tempera- 
ture occurs for a time, but the substance ceases to be homo- 
geneous, and becomes resolved into two parts, one of which, 
in the so-called liquid state, possesses very different charac- 
teristics from those of the other unchanged solid part. 
This definite temperature, which is that at which the solid 
and liquid states of the substance coexist in equilibrium 
with each other, is called its fnelting-point ; it varies slightly 
with the pressure to which the substance is subjected. 
When the solid part has disappeared and the substance has 
become a homogeneous liquid, a continuous rise of tem- 
perature again takes place, attended generally by a small 
increase in volume, until another definite temperature is 
reached, at which the substance again loses its homogeneity, 
going over first partly and then completely into the so-called 
gaseous state, in which it exhibits an entirely new set of 
properties. This temperature, which is that at which under 
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any definite pressure the liquid and gaseous states of the 
substance coexist in equilibrium with each other, is called 
its boiling-point ; it varies greatly with the pressure upon 
the substance. Finally, after the substance has gone over 
completely into the gaseous state, its temperature again 
begins to rise, and it continues to do so indefinitely as long 
as heat is imparted ; this rise of temperature being attended 
by a relatively large, continuous increase in volume. If, on 
the other hand, heat is withdrawn from the gas, the sub- 
stance undergoes the same changes in the reverse order. It 
should be added, however, that this behavior is exhibited in 
all its details only by pure chemical substances (§9), and that 
some of these, when under certain pressures, pass directly 
from the solid to the gaseous state, and vice versa^ with- 
out assuming an intermediate liquid state. 

The passage from the liquid or solid to the gaseous 
state can always be brought about by decrease of pressure, 
as well as by increase of temperature. Thus, if at a defi- 
nite temperature the pressure on a liquid or solid substance 
is steadily reduced, it retains its state, increasing slightly in 
volume, until a definite pressure is reached ; it then begins 
to go over into the gaseous state, and the pressure can not 
be further reduced until the whole substance has become a 
homogeneous gas. Then the pressure can be diminished 
and the volume of the substance increased indefinitely with- 
out its becoming again heterogeneous. The pressure at 
which at any definite temperature the liquid or solid state 
and the gaseous state of the substance coexist in equilibrium 
with each other is called its vapor-pressure, A clear con- 
ception of this property is so important that an experiment 
illustrating it will be here described. A tube closed at one 
end, icx) cm. in length, is filled with mercury, and is inverted 
over a deep trough also containing mercury. The mercury 
column in the tube then stands at a definite height, say 76 
cm., above the free surface of the mercury in ^he trough, its 
weight being supported by the pressure of the atmosphere 



GENERAL PRINCIPLES RELATING TO MATTER. 21 

upon that surface. The tube is kept at a constant tempera* 
ture, say 20*^. At the bottom of the tube a very little liquid 
ether is introduced, and this rises into the vacuum above the 
mercury, and completely vaporizes. The mercury column 
then falls, owing to the pressure of the ether-vapor upon its 
upper surface. Small additional quantities of ether are 
successively introduced, and the column continues to fall 
until such a quantity of ether is present that it no longer 
completely vaporizes, but remains in part in the liquid state. 
Further additions of ether then have no further influence on 
the height of the mercury column, which remains constant 
at 33 cm., the difference (43 cm.) from the original height 
(76 cm.) representing the vapor-pressure of ether at 20®. 
If the tube is now pushed down into the mercury trough, it 
becomes more nearly filled with mercury, the space occupied 
by the ether-vapor is reduced, and some of it liquefies, but 
the height of the top of the mercury column above the free 
surface of the mercury remains unchanged at 33 cm., since 
the pressure exerted by the ether, its vapor-pressure, remains 
unchanged. If finally the tube is pushed down so far that 
the length of it above the free mercury surface is less than 
33 cm., all the ether liquefies ; for the pressure exerted upon 
it, which is always that of the atmosphere diminished by 
that corresponding to the weight of the column of mercury* 
is now greater than the vapor-pressure (43 cm.) of ether at 
20®. — The vapor-pressure of a liquid or solid increases 
rapidly with rise of temperature ; thus, expressed in centi- 
meters of mercury, that of ice is 0.19 at — 10®, and 0.46 at 
o**, and that of water is 0.46 at o^ 2.35 at 25^ 9.20 at 50**, 
28.9 at 75**, 76.0 at lOO*", and 174.4 at 125*^. When a liquid 
has acquired, through an increase in its temperature a vapor- 
pressure which is greater by an indefinitely small amount 
than the external pressure to which it is subjected, it will 
evidently drive back this pressure and go over into the 
gaseous state ; in other words, it will boil. The boiling-point 
of a liquid is therefore that temperature at which its vapor- 
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pressure is equal to the external pressure under which it 
stands. Thus, water boils at loo** under the normal atmos- 
pheric pressure of 76 cm., for its vapor-pressure is 76 cm. at 
that temperature ; and from the vapor-pressure values just 
given it is evident that it would boil at 50*^ if the external 
pressure were reduced to 9.2 cm., and at o*^ if it were re- 
duced to 0.46 cm. 

A substance can be made to pass also from the solid 
to the liquid, or from the liquid to the solid state, by varia- 
tions of pressure; but if it is not near its melting-point, 
the changes of pressure required are enormous. Moreover, 
increase of pressure tends to cause some substances to 
assume the solid state, and others, the liquid state; the 
direction of its influence is therefore not uniform. 

These three different states into which matter can be 
brought by varying the temperature or pressure, and in one 
or more of which every substance exists, are called its states 
of aggregation. This name has been adopted because it is 
commonly assumed that in the different states the particles 
composing the substance are differently aggregated to form 
the mass. 

The characteristics of substances in the three states 
may be next considered. The behavior under diminution 
of pressure, which has been just described, furnishes the 
best basis for a definition of the gaseous state of aggrega- 
tion. That is, a substance is called a gas if it increases in 
volume indefinitely without losing its homogeneity when the 
pressure upon it is diminished and its temperature is kept 
constant. Under the usual conditions of pressure and tem- 
perature gases differ irom liquids and solids also in the fol- 
lowing respects : the volumes of gases vary much more with 
variations of pressure and temperature ^than do those of 
liquids or solids ; and the densities of the former are very 
much less than those of the latter. Thus, if the pressure 
upon a quantity of air at o® under the pressure of the 
atmosphere is doubled, its volume is reduced 50 per cent., 
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while the same change of pressure causes a decrease in the 
volume of water at o*^ of only 0.005 P^r cent. ; if air at o*^ is 
heated to 100®, keeping the pressure constant, it increases 
in volume by 37 per cent., while water increases in volume 
by 4.3 per cent between the same temperatures. The 
density of air at o*^ under the pressure of the atmosphere 
is 0.0013, while that of water under the same conditions is 
0.9999, or 770 times as great, and that of ice is 0.917, or 
about 700 times as great. Highly compressed gases, how- 
ever, do not differ greatly from liquids in these respects; 
in fact, by suitable variations of temperature and pressure 
the two states can be made to pass over continuously into 
each other. 

It is found that gases can always be converted into 
liquids by sufficiently reducing their temperature, but that, 
when the temperature exceeds a definite value, called the 
critical temperature^ which varies with the nature of the 
gas, they cannot be so converted by increasing the pressure 
upon them while keeping the temperature constant. Thus, 
air at the ordinary temperature does not become liquid even 
when subjected to a pressure of 3600 atmospheres. This 
difference in behavior has led to the employment of differ- 
ent terms to distinguish the two classes of gases. Those 
which can be condensed to liquids by pressure alone are 
called vapors^ while those which can not be so condensed 
are called gases, the last term being used in this narrower 
sense when it is wished to contrast these two kinds of 
behavior. The distinction is, however, one of compara- 
tively small importance; for the properties of vapors and 
gases are essentially the same. 

Liquids and solids, even under the ordinary conditions, 
do not show any uniform differences in behavior when the 
pressure upon them is varied, nor any regular differences 
in their degrees of compressibility or expansibility by heat, 
or in their densities. In a word, their z;^/«i«^-relations are 

■ 

substantially the same. Their distinguishing characteristic 
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is their difference in behavior with respect to changes in 
form, A substance is called a liquid when its form is 
greatly affected even by very slight external forces. A sub- 
stance is called a solid when its form is appreciably changed 
only by the application of considerable external forces. Since 
the difference is one of degree, substances, like soft tar, 
which are in an intermediate state that can scarcely be 
designated either solid or liquid, are sometimes met with. 
Under ordinary conditions of pressure and .temperature, 
however, it is relatively rare to find pure chemical sub- 
stances which do not exhibit a marked difference with re- 
spect to stability of form in the two states of aggregation. 
Solid substances are, moreover, sub-divided into two 
groups, designated crystalline and amorphous substances, 
which differ markedly in behavior and properties. One of 
the most important of these differences is that shown when 
the substances are sufficiently heated to cause them to pass 
into the liquid state. A crystalline substance, like ice, 
when heated, retains the stability of form characteristic of 
solid substances until a definite temperature is reached, at 
which it becomes liquid and undergoes at once a decided 
change in its properties; that is, a crystalline substance 
possesses a definite melting-point. An amorphotis sub- 
stance, on the other hand, like glass, when heated, gradually 
loses its stability of form and passes over into the liquid 
state continuously, that is, without undergoing at any tem- 
perature a sudden change in properties. An amorphous 
substance has no definite melting-point, but gradually 
softens as the temperature rises. The two groups of sub- 
stances when in the form of homogeneous masses differ also 
in the following important respect. It is always true that 
some of the properties of homogeneous crystalline bodies 
(the so-called crystals) are different in different directions 
through the crystals, but all the properties of homogeneous 
amorphous bodies are the same in all directions. For ex- 
ample, nearly a third more tensile force has to be applied in 
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order to lengthen by a definite amount under corresponding 
conditions a piece of rock-salt in the direction of one of its 
so-called crystallographic axes than in a direction making an 
angle of 45^ with these ; glass, on the contrary, is extended 
with equal readiness in all directions. But, since extremely 
small crystalline particles may be irregularly aggregated to 
form an apparently homogeneous body, which would not 
exhibit difference of properties in different directions, this 
characteristic is not, from a chemical standpoint, as satis- 
factory a criterion of crystalline substances as their defi- 
niteness of melting-point. 

Solid and liquid substances are also naturally sub- 
divided, on the basis of certain other differences in proper- 
ties, into two groups, known as metallic and non-metallic 
substances. Although here again the differences are those 
of degree rather than of kind, and although a few sub- 
stances occupy an intermediate position, yet in the great 
majority of cases the differences in properties are so marked 
as to make the distinction one of some importance. A 
metallic substance is a substance which transmits light only 
through extremely thin layers and conducts electricity 
readily without undergoing any other changes than those 
produced by a rise in its temperature. A non^metallic sub- 
stance is one which transmits light through much greater 
thicknesses and either does not conduct electricity with any 
degree of readiness, or if it does conduct it, undergoes an , 
attendant change in chemical composition. Thus a centi- 
meter-cube of copper allows electricity to pass through it 
freely and undergoes thereby only a rise of temperature; 
on the other hand, one of rock-salt at the ordinary tempera- 
ture allows scarcely any electricity to pass through it ; and 
though it can be made to conduct fairly readily by suffi- 
ciently raising its temperature or dissolving it in water, the 
passage of electricity through it is then attended by a 
partial decomposition into chlorine and sodium, or into 
chlorine, sodium hydroxide, and hydrogen. 
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Still another physical state of importance is that in 
which two or more different substances are so intimately 
mixed with one another that the masses of one or all of 
them become subdivided into minute particles which are 
uniformly distributed throughout the whole volume. Such 
intimate mixtures are designated by different names accord- 
ing to the degree of heterogeneity which they exhibit. If 
the particles of one of the components of the mixture are 
large enough to be seen by the eye with the aid of the best 
microscope, the mixture is called a suspension when the 
visible particles are those of a solid substance, and an emul" 
Stan when the visible particles are those of a liquid sub- 
stance. When the particles are of such a size that the 
mixture exhibits no indication of heterogeneity under the 
best microscope, but nevertheless aflfects a beam of ordinary 
light thrown into it in the same way as fine suspensions 
affect it, namely, causes the beam to become scattered and 
the light to become polarized, the mixture is called a col- 
loidal or pseudo-solution. Finally, if the particles are so small 
that no indication of heterogeneity can be detected by any 
physical instrument (even by a microscope or polariscope), 
the mixture is called a solution. Thus, the intimate mixture 
formed by agitating finely divided clay with water is a sus- 
pension, that made by violently shaking a little olive oil 
with water is an emulsion, that prepared by passing hydro- 
gen sulphide into a boiling solution of arsenious oxide is a 
colloidal solution, and that made by adding salt to water is 
an ordinary solution. Such mixtures may be gaseous, liquid, 
or solid; but liquid mixtures are the most important. 

The various kinds of mixtures which have just been 
described can in many cases be separated into their compo- 
nents by enclosing them within suitable porous walls or 
membranes and exerting a pressure upon them. Walls 
which permit the passage of one component of a mixture, 
but prevent entirely that of the other component, are 
called semipermeable walls. Different kinds of semiper- 
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meable walls must, however, be employed for the separa- 
tion of the components of suspensions, colloidal solutions, 
and ordinary solutions, and this fact furnishes another basis 
for the differentiation of these three kinds of mixtures. 
Thus, filter paper will usually separate solid particles from 
a liquid in which they are suspended; but parchment or 
animal membranes must be employed for the separation of 
the components of colloidal solutions ; and specially pre- 
pared semipermeable walls, such as are produced by the 
deposition of precipitates like copper ferrocyanide in the 
pores of unglazed porcelain, must be used for resolving ordi- 
nary solutions, like those of salt or sugar in water, into 
their constituents. 

When the concentration of one component of a solu- 
tion of two substances greatly exceeds that of the other 
component, the solution is said to be dilute with reference 
to the latter. In such a case, the component present in 
large amount is called the solvent^ the one present in small 
amount, the solute or dissolved substance. If the concentra- 
tion of neither component greatly exceeds that of the other, 
the solution is concentrated with respect to either component, 
and either may be designated the solvent or solute according 
to the relations under consideration. In the case of col- 
loidal solutions, the substance which possesses the larger 
particles is called the colloid^ and the other component is 
called the solvent. 

Another term, which expresses from a diflferent point 
of view the degree of heterogeneity of bodies, and which is 
much employed in considerations relating to their equilib- 
rium, will be here defined. Heterogeneous bodies in a 
state of equilibrium are considered to consist of a number 
of parts which are differentiated by the possession of dis- 
tinct sets of properties, and by their separation from one 
another by sharp physical boundaries, each part being char- 
acterized by uniformity in properties throughout its extent. 
These physically distinct parts are called phases. Thus, ice 
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and water, water and water-vapor, or salt and its saturated 
aqueous solution, when existing together, constitute two 
distinct phases. A body consisting of ice, a solid salt, an 
aqueous solution of the salt, and water-vapor consists of 
four phases, two of which are solid, one liquid, and one 
gaseous ; a body composed of liquid benzene and water 
consists of two phases, both of which are liquid ; one com- 
posed of hydrogen, oxygen, and liquid water, consists also 
of two phases, one of which is gaseous and the other liquid ; 
but one composed of hydrogen, oxygen, and water-vapor, 
consists of only a single (gaseous) phase. It is to be noted 
that the terms homogeneous, heterogeneous, and phase, are 
always used in a physical sense, entirely without reference 
to the number of chemical substances that may be present. 
9. Chemical Substances and Mixtures. — Most, but 
not all, of the numerous substances met with in nature, or 
produced artificially, can be resolved by certain kinds of 
processes which have been found suitable for the differen- 
tiation of substances in the manner to be now considered, 
into parts or fractions possessing properties different from 
those of the original substances. A substance which can 
not be resolved by such processes into component sub- 
stances with different properties is called a chemical sub- 
stanccy or often simply a pure substance. All substances 
which can be so resolved are called mixtures ; for they can 
be produced by mixing pure chemical substances. In ac- 
cordance with these definitions, the method to be employed 
for distinguishing chemical substances from mixtures con- 
sists in submitting the material ^ to various processes of 
fractionation — that is, to operations which result in divid- 
ing it into separate parts or fractions, and in then determin- 
ing whether or not the properties of the different fractions 
are identical. If identical, the material is probably a pure 
substance : it may, however, be a mixture which the proc- 
esses of fractionation employed have failed to separate into 
the substances composing it. On account of this last pos- 



GENERAL PRINCIPLES RELATING TO MATTER. 29 

sibility, as many distinct methods of fractionation as possi- 
ble must be resorted to, and only if the fractions obtained 
by all methods are identical in properties, is the material to 
be regarded as a pure chemical substance. If the fractions 
are not identical, the material is probably a mixture : it may, 
however, be a pure substance which the processes of frac- 
tionation employed have converted in part into a different 
chemical substance. In order to avoid an erroneous conclu- 
sion from this source, only those processes of fractionation 
should be employed which have been shown by experience 
not to give rise as a rule to chemical transformations. 

A more definite statement than that just made, of the 
character of the processes suitable for distinguishing chem- 
ical substances from mixtures can not be formulated, since 
the processes that must be applied vary gfreatly with the 
nature of the material. Some specific illustrations of the 
processes of fractionation commonly employed in the labora- 
tory for determining the chemical purity of substances may, 
however, be presented. If the material is solid, it may be 
suspended in liquids of varying specific gravity in which it 
is insoluble, it may be partially melted, it may be treated 
with solvents in such quantity that only a portion is dis- 
solved, or it may be completely dissolved and caused to crys- 
tallize from the solvent in separate portions by cooling or 
evaporation. If the material is liquid, it may be fraction- 
ated by partial freezing or partial volatilization, or by dialy- 
sis. If the material is gaseous, it may be resolved into frac- 
tions by causing it partially to diffuse through porous walls, 
or by treating it with liqfuid solvents in insufficient amount 
to dissolve the whole of the gas and expelling the dis- 
solved part from the solvent by decrease of pressure or 
rise of temperature. On the other hand, processes involv- 
ing the exposure of the substance to a high temperature 
(like the distillation of a difficultly volatile substance), the 
subjection of it to the action of an electric current or dis- 
charge, or the treatment of it with solvents of great chemi- 
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cal activity (like acids or bases), are not suitable ones for 
attaining the end in question. 

The properties employed for determining the identity 
of the various fractions are any quantitative ones which 
can be conveniently measured, such as chemical composi- 
tion, melting-point, boiling-point, specific gravity, crystalline 
form, spectrum, etc. 

Although the above described means of distinguishing 
mixtures and chemical substances is the one which is 
usually first employed by the investigator and is one which 
in almost all cases leads to a correct conclusion, it is never- 
theless somewhat indefinite and not always decisive; for 
some substances which in other respects behave like pure 
chemical compounds, are so unstable that even the ordinary 
processes of fractionation cause their decomposition; and, 
on the other hand, some mixtures consist of substances so 
similar in properties that such processes fail to effect sepa- 
ration. Other characteristic differences which have been 
found to exist between mixtures and chemical substances of 
known character must therefore be considered. One such 
characteristic difference of importance is that the specific 
properties of mixtures are at least approximately additive^ 
that is, approximately the average of the properties of the 
substances into which they can be separated, while many 
of the properties of pure chemical substances seem to 
bear scarcely any relation to those of their decomposition- 
products. A chemical substance may, therefore, also be 
defined as a substance many of whose properties are not 
even approximately the average of the properties of the 
substances into which it can be resolved by any method 
whatever. 

For example, water can be decomposed by the electric 
current into hydrogen and oxygen ; but its properties are 
not in the least similar to those of these two gases. On the 
other hand, a mixture of hydrogen and oxygen, though sepa- 
rable into its component substances only imperfectly and 
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with difficulty, has specific properties which are the aver- 
age of those of the two separate gases. If sugar is sub- 
mitted to distillation it is resolved into distinct parts, namely, 
into a black solid, a brown liquid, and a colorless gas ; but 
it would be obviously incorrect to conclude from this fact 
that the sugar was a mixture, for most of its properties are 
not in the least related to those of the fractions into which 
it has been resolved. Similarly, if metallic sodium is 
treated with an amount of water insufficient to dissolve it, 
a gas and a white solid result, whose properties differ utterly 
from those of the original metal ; it is, therefore, clear that 
the process has resulted in chemical decomposition and is 
not a suitable one for determining the purity of the sodium^ 
The last two examples are of an extreme character, since 
in each case the decomposition-products differ so markedly 
from the original substance, and since decomposition of a 
large part or of all of the original substance takes place. 
In some cases a careful investigation is necessary, in order 
to distinguish the effect of a slight decomposition from 
that of an impurity originally present. 

In distinguishing mixtures from pure chemical sub- 
stances, it is best to apply in any doubtful case both of the 
criteria which have been described ; that is, first to deter- 
mine whether the substance can be resolved into fractions 
with different properties by the commonly employed proc- 
esses of fractionation, and then to determine whether the 
properties of the original substance are additive with respect 
to those of these fractions : if not additive, the method of 
fractionation employed must be rejected as unsuitable for 
attaining the end in view. 

A third, important, though not sufficient, criterion of 
a pure chemical substance is furnished by its conformity 
with the laws relating to elementary composition, which 
have been proved to hold true in the case of all substances 
determined to be pure by the two methods already described. 
These laws and their value as a means of distinguishing 
chemical substances and mixtures are considered below. 
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Since the properties of all substances vary to a greater 
or less extent with the temperature and pressure, and since 
the identity of two substances can be established only by 
comparing their properties under the same conditions, the 
question arises, whether a definite portion of matter is to 
be regarded as the same chemical substance, when it exists 
in different physical states. That pure chemical substances 
are sometimes transformed into other chemical substances 
merely by variations of temperature and pressure is proved 
by the fact that they sometimes become mixtures ; thus, the 
vapor produced when solid ammonium chloride is heated can 
be shown by diffusion experiments to be a mixture of ammo- 
nia and hydrochloric acid gases. Even when a mixture does 
not result, it is evidently somewhat arbitrary to attribute a 
radical change in the properties of a substance to a change 
in its physical state rather than to a complete transforma- 
tion of it into another chemical substance. Nevertheless, 
the practice which is commonly followed is to regard pure 
substances which pass over into one another completely and 
reversibly by variations of temperature or pressure as the 
same chemical substance. Thus, ice, water, and water-vapor, 
or rhombic sulphur, monosymmetric sulphur, liquid sulphur, 
and sulphur-vapor, are designated different physical states of 
the same substance. Ozone and oxygen, or paracyanogen 
and cyanogen, are, on the other hand, appropriately regarded 
as distinct substances ; for, though increase of temperature 
will convert the former into the latter, the oxygen so pro- 
duced can not be changed back to ozone, or the cyanogen to 
paracyanogen, merely by restoring the original temperature. 

10. Elementary and Compound Substances. — When 
chemical substances are brought together, or are subjected, 
alone or mixed, to a high temperature or to certain other 
influences, a change often takes place which results in the 
formation of new chemical substances. When the weight 
of one of the new substances formed is less than that of 
the substance from which it is produced, and the change is 
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known to be complete, the original substance is said to have 
been decomposed. Now, almost all chemical substances 
can be made to undergo some change of this kind, but a rela- 
tively small number have been discovered which do not give 
rise in any complete change that they undergo to a new 
substance whose weight is less than that of the original 
substance. These substances, which every means at our 
disposal has failed to decompose, are called elementary sub- 
stances. All other chemical substances can directly or indi- 
rectly be produced from, or resolved into, these elementary 
ones ; they are therefore considered to be composed of them, 
and are called compound substances^ or simply compounds, 

zi. Law of the Conservation of the Elements. — 
Certain other important limitations in regard to the trans- 
formation of cheniical substances into one another are also 
to be considered in this connection. In the first place, it is 
found that, although in certain cases one elementary sub- 
stance is transformed into another, for example, oxygen into 
ozone or diamond into graphite, yet there exist about eighty 
elementary substances or groups of elementary substances 
which are not transformed into one another by any process 
whatever, whether direct or indirect. Thus the innumer- 
able efforts of the alchemists and the experiments of modern 
investigators with their vastly greater resources have alike 
failed to transform copper into gold, lead into silver, or 
chlorine into oxygen, even with the help of indirect pro- 
cesses or of those of a most energetic character. Corres- 
pondingly, compounds or mixtures of them are never 
transformed except into such other compounds or mixtures 
as can be decomposed into the same elementary substances 
as can the original compounds ; thus a mixture of lead 
chloride and potassium bromide is readily transformed into 
one of lead bromide and potassium chloride, but it is impos- 
sible to prepare from such a mixture a silver salt or an 
iodide. Furthermore, when two or more elementary sub- 
stances unite to form compounds, or mixtures of them, even 
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though almost all of the properties of the elementary sub- 
stances may have disappeared, it is always possible by suit- 
able methods to get back exactly the same amounts of each 
of the elementary substances as originally entered into the 
compounds. 

These facts have led to the assumptions that there 
exist constant unchangeable amounts of a comparatively 
small number of distinct kinds or forms of matter, and that 
elementary substances contain only one of these, while com- 
pound substances contain two or more of them. These 
distinct kinds or forms of matter are called elements ; and 
the empirically established principle that they are neither 
created nor destroyed by any process whatever is appropri- 
ately called the Law of the Conservation of the Elements. 

The abstract conception denoted by the word element 
will be seen to have a significance distinct from that of the 
concrete term elementary substance. Thus it would be inap- 
propriate to speak of the existence of elementary substances 
in compounds ; for hardly any of their properties are, as a rule, 
exhibited by the compounds. Nor are the properties of 
either elementary or compound substances determined solely 
by the elements contained in them; their properties are 
rather to be regarded as the result of the temporary associa- 
tion with the element or elements of quantities of energy. 
Moreover, it is not to be inferred from the use of the ex- 
pression '' distinct kinds or forms of matter " in the defini- 
tion of the elements that there exist eighty or more 
entirely unrelated ultimate realities, for it might be that the 
elements represent only certain permanent associations of 
matter and energy: the ultimate nature of the elements, 
like that of matter, is entirely unknown. The concept of 
elements and the assumption of their existence in both 
elementary and compound substances furnish convenient 
means, avoiding much circumlocution, of expressing the fact, 
stated in the first paragraph of this section, that the quantity 
of any elementary substance which can be obtained from 
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any body is constant, whatever changes that body, or the 
chemical substances composing it, may undergo. The term 
element further implies, to be sure, the permanent existence 
of a real thing, whose nature is unknown, that gives rise to 
this constancy. Thus its significance is entirely similar in 
kind to that of the term matter. 

A list of the well-established elements, with the s)rm- 
bols by which they are represented, is given in § i6. Others 
undoubtedly exist, for new ones are frequently discovered ; 
and some few of those now regarded as such may prove to 
be mixtures or compounds. Indeed, it is impossible to say 
that some process may not be discovered by which all the 
present elementary substances can be resolved into simpler 
substances. The existence, however, of certain similarities 
and relationships between the properties of the various ele- 
mentary substances and of certain systematic differences be- 
tween their properties and those of compound substances, 
and the relative permanence of the elements (even if it 
should prove not to be an absolute one, as all our experience 
thus far indicates it to be), furnish conclusive proof that all 
the well-known elements are substances of the same order, 
and of an order distinct from that to which our present 
compound substances belong. This is not the place to 
present in detail the facts which have led to this conclusion, 
but it may be mentioned that among the most important of 
them are the relationships between the properties of elemen- 
tary substances which are brought out by the so-called 
Periodic System, and the uniformity in the heat-capacities 
of solid elementary substances which is expressed by the 
Law of Dulong and Petit. 

12. L»aw of Definite Proportions. — Investigations 
of the elementary composition of substances have proved 
that a series of pure chemical compounds containing the 
component elements in continuously varying proportions by 
weight does not exist, but that there exists only a finite 
number of compounds, each of perfectly definite composi- 
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tion. Chemical substances obtained from different sources 
or by different methods are either absolutely identical in 
composition, or they differ from one another by consider- 
able amounts. When a chemical substance changes in 
composition, even though the change may take place grad- 
ually, it is never possible to isolate by the methods illus- 
trated in § 9 a series of chemical substances varying 
continuously in composition, but the change results in the 
formation of a single new substance (or a small number of 
new substances) differing markedly in composition from the 
original substance (and from one another). There is never 
a gradual transition in the composition of chemical com- 
pounds, but always a sharp, sudden change. These state- 
ments are an expression of what is known as the Law of 
Definite Proportions. 

For example, when salt is prepared from sodium hy- 
droxide and hydrochloric acid, it is not found that its com- 
position is in any way dependent on the proportions of the 
ingredients taken or on the conditions of temperature or 
concentration ; the product is not found to contain a larger 
proportion of chlorine when an excess of hydrochloric acid 
is used, nor of sodium when an excess of sodium hydroxide 
is employed. When zinc is burnt, there are no intermediate 
products between it and its oxide ; but if the combustion 
is interrupted before its completion, the product is found 
to be a mixture of unchanged zinc and its oxide, not a 
single chemical compound intermediate in composition and 
properties. 

The Law of Definite Proportions, which had before 
been tacitly recognized, was energetically disputed at the 
beginning of the last century, but was soon established by 
careful analyses with as great a degree of accuracy as the 
state of analytical chemistry then permitted. More recently 
it was suggested that the composition of chemical compounds 
might still be variable within narrow limits, but the experi- 
ments of St as, made with a view of testing this supposition. 
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showed that the variations, if any exist, are less than the 
unavoidable experimental errors of analysis. For he de- 
termined, in the case of five distinct samples of ammonium 
chloride obtained from entirely different sources or by 
different methods of purification, the weight of silver which, 
after solution in nitric acid, sufficed to precipitate a definite 
weight of the chloride, and found the extreme variations 
in the ratio of these weights to be less than one ten-thou- 
sandth part of its value. 

It may be added that all the properties of pure chemi- 
cal substances exhibit the same definiteness and discon- 
tinuity as does their elementary composition, and that the 
differentiation of chemical substances and mixtures finds 
its experimental justification in the fact that there exist a 
limited number of substances with perfectly definite prop- 
erties of such a relatively high degree of stability towards 
resolving agencies that they can be prepared with the help 
of such agencies from a variety of materials. The Law of 
Definite Proportions and the principle of the definiteness 
of properties in general are therefore involved in the 
definitions of chemical substances given in § 9. 

13. The Law of Multiple Proportions. — Investiga- 
tions have also shown that certain simple relations exist 
between the quantities of the elements combined with one 
another in different chemical compounds. These are com- 
monly expressed in the form of two principles, called the 
Law of Multiple Proportions and the Law of Combining 
Weights. 

The Law of Multiple Proportions is as follows : When 
one element combines with another in several proportions to 
form different chemical compounds^ the quantities of the one 
element which in the several compounds are combined with 
the same quantity of the other element^ stand to one another 
in the ratio of small whole numbers. 

For example, in one of the two known compounds of 
carbon and oxygen, 16 parts by weight of oxygen, and in 
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the other 32 parts of it, are combined with 12 parts of car- 
bon. Five compounds of nitrogen and oxygen exist, in 
which the quantities of the latter combined with any defi- 
nite quantity of the former are to one another exactly as 
1:2:3:4:5. Sometimes, however, especially in the case 
of compounds of the element carbon, the ratio is much less 
simple ; thus, in the two hydrocarbons, naphthalene and 
anthracene, the relative quantities of hydrogen combined 
with one gram of carbon are as 28 : 25. 

14. The Law. of Combining Weights. — Careful 
investigations of the quantitative elementary composition of 
chemical substances have shown that to the elements in- 
dividually can be assigned definite numerical values which 
accurately express the weights of them, or small multiples 
of the weights of them, which are combined with one 
another in all chemical compounds. Such numerical values 
are called the combining weights of the elements. Since 
they are essentially relative quantities, greater definiteness 
can be attained by adopting a definite weight of some one 
element as a standard of reference. Adopting 16 grams of 
oxygen as the standard in accordance with what is probably 
the best practice, the combining weight of an element is 
defined to be that weight of it which combines with 16 
grams of oxygen, or with some small multiple or submultiple 
of 16 grams of oxygen. And with the help of this definition 
the principle involved in the preceding statement, and known 
as the Law of Combining Weights^ can be concisely expressed 
as follows : Elements combine with one another only in the 
proportions of their combining weights or of small multiples 
of them. 

This law may be illustrated by citing the experiments 
of Stas which have furnished the most exact confirmation 
of it. By dissolving carefully purified silver chlorate in 
water, reducing it to the insoluble chloride, and testing the 
solution for an excess of silver and chlorine, he proved that 
the ratio of the quantities of these two elements in silver 
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chlorate does not dififer from the ratio of them in silver 
chloride by more than one ten-millionth part of its value, 
which was the limit of delicacy of the tests. Similar ex- 
periments were made with similar results with silver bro- 
mate and iodate. Careful determinations were also made, by 
indirect methods, of the quantities of silver combined with a 
definite quantity of oxygen in these three salts and in silver 
sulphate. The quantities combined with i6 grams of oxygen 
were found to be as follows : 

In silver chlorate ......... 35.980 grams. 

In silver bromate 3S«974 grams. 

In silver iodate 35-979 grams. 

In silver sulphate .... 53.963 = f X 35-976 grams. 

It will be seen that the numerical values adopted as 
the combining weights are, so far as the Law of Combining 
Weights is concerned, arbitrary in two respects : first, be- 
cause it is necessary to adopt an arbitrary standard of refer- 
ence ; and secondly, because, in the case of each element, 
some arbitrary multiple of the value obtained by the analysis 
of any one of its compounds must be selected. A decision 
in regard to both of these matters must be reached by 
general agreement, but it should be such as will secure 
the greatest degree of permanence in the system of com- 
bining weights adopted, and will furnish the simplest ex- 
pression of the elementary composition and allied proper- 
ties of chemical substances. 

The reasons for adopting 16 grams of oxygen as the 
standard of reference may first be briefly considered. In- 
stead of oxygen, hydrogen was for a long time almost uni- 
versally employed as the standard substance, and it still 
continues to be used to a considerable extent. It has the 
advantage of possessing the smallest combining weight, so 
that a unit-weight (one gram) of it can be adopted as the 
standard weight without making it necessary to express the 
combining weights of other elements in the form of incon- 
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irenient fractions. Hydrogen has also another, more impor- 
tant advantage over oxygen, by reason of the fact that, in 
comparing the quantities of different chemical substances 
which enter into reactions with one another, it is, as a rule, 
simpler and more in accordance with actually existing rela- 
tions to use as the basis of comparison the quantity of hydro- 
gen rather than the quantity of oxygen involved in the 
reactions in question or in similar ones, — a fact which will 
come into more prominence in connection with the defini- 
tion of equivalent weights (§19). Oxygen, on the other 
hand, has the great practical advantage that the combining 
weights of almost all the other elements have been actually 
determined either from the composition of their oxides or 
from that of their compounds with the halogens, the com- 
bining weights of which latter have themselves been estab- 
lished by determining the relative quantities of halogen and 
oicygen present in compounds containing both of them (see 
§ 15). The experimental basis of the system of combining 
weights is therefore oxygen, and not hydrogen ; and if the 
latter were adopted as the conventional basis, it would be 
necessary to calculate the values over to the hydrogen stand- 
ard with the help of the ratio between the combining weights 
of hydrogen and oxygen. Every new, more accurate deter- 
mination of this ratio would then involve a corresponding 
change in the values of almost all the other combining 
weights : moreover, until very recently, a great degree of un- 
certainty has existed in regard to the exact value of this ratio ; 
and, even at the present time, it is not known as accurately 
as the ratio of the combining weights of some of the other 
elements to that of oxygen. For these reasons, although 
some difference of opinion does still exist in regard to the 
relative importance of the different advantages which the 
two elements possess, it seems at present to be the best 
practice to refer the combining weights to oxygen, and this 
practice will be adhered to throughout this work. The 
principal reasons for adopting 16 grams of this element 
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(instead of one gram, for example), as the standard of 
reference, are : first, that it involved a comparatively slight 
change in the values of the combining weights from those 
prevailing some years ago, when the commonly employed 
hydrogen standard was to be replaced ; and second, that the 
combining weight of hydrogen is still not far from unity 
(1.0075, according to the most accurate determinations), so 
that to some extent at least — thus, in cases where the great- 
est accuracy is not required — the advantages of the hydrogen 
standard are retained. 

In regard to the adoption of definite multiples of the 
values obtained by chemical analysis, it can only be stated 
at this point that investigators, guided by certain theoretical 
considerations, have reached a substantially unanimous agree- 
ment, and have succeeded in establishing a system of com- 
bining weights which not only serves to express in a simple 
manner the elementary composition of chemical substances, 
but also forms a highly satisfactory basis for the develop- 
ment of the knowledge of their properties and transforma- 
tions. It should be distinctly understood, however, that the 
conception of combining weights does not involve the use 
of these particular multiples or of any definite multiples of 
the analytical values ; and if, for the sake of convenience, 
such are adopted, it must be fully realized that the multiply- 
ing factors are arbitrary ones in the sense that they can not 
be determined by quantitative analyses of chemical sub- 
stances. 

The method of calculating combining weights from 
analytical data and the arbitrariness of adopting a definite 
multiple may be illustrated by examples. Syntheses of 
carbon dioxide from its elements have shown that it contains 
27.27 per cent, of carbon and 72.73 per cent, of oxygen. 
The combining weight of carbon referred to that of oxygen 

taken as 16.00 is therefore '' ' v 16.00 = 6.00, or anv 

72.73 ^ 

small multiple or submultiple of this value. Carbon monox- 
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ide is found to contain 42.50 per cent, of carbon and 57.50 
per cent, of oxygen, from which it follows that the combin- 
ing weight is z_lA_ x 16.00 ^ 12.00, or any small multiple 

or submultiple of it. Finally, alcohol is found by analysis 
to contain 52.12 per cent, of carbon, 34.75 per cent, of 
oxygen, and 13.14 per cent, of hydrogen; the combining 

C2 X2 

weight of carbon is, therefore, iLl — x 16.00 = 24.00, or 

34.7s 
any small multiple or submultiple of it. It would evidently 

be entirely arbitrary to select as the combining weight a 

particular one of the three values calculated directly from 

the composition of these different compounds. 

It should be added that the term combining weight is 
often used in a similar sense in connection with compound 
substances. The combining weight of a compound is defined 
to be that weight of it which contains such weights of the 
component elements as are their combining weights or small 
multiples of them. 

In closing this consideration of the Law of Combining 
Weights attention may be called to the fact that the Law 
includes as special cases the Laws of Definite and Multiple 
Proportions. It is therefore the general law relating to the 
elementary composition of pure chemical substances. 

15. Determination of the Combining Weights. — 
The combining weights of the elements are constants of 
so great importance that a general knowledge of the way 
in which they have been determined is desirable. A partial 
outline of the extensive and highly accurate series of deter- 
minations which were made by Stas in the years i860 to 
1864 will therefore be presented. This will not only serve 
to illustrate the general character of the methods of deter- 
mining combining weights, but will also give a good idea 
of the experimental basis upon which the commonly em- 
ployed system of combining weights in large part rests. 

In determining the combining weight of silver the fol- 
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lowing five methods were employed : i. A known weight of 
pure potassium chlorate was converted, in some experiments 
by ignition, and in others by treatment with hydrochloric 
acid, into potassium chloride, and the weight of the latter 
compound formed accurately determined. The combining 
weight of the potassium chloride referred to oxygen is th^n 
evidently given by the proportion, the weight of the potas- 
sium chloride obtained is to the difference between the 
weight of the potassium chlorate taken knd that of the 
potassium chloride obtained as the combining weight of 
potassium chloride is to the combining weight of oxygen 
(assumed to be i6 or some multiple of it). The quantity 
of oxygen in potassiiun chlorate is assumed to be 48, that 
is, three times the combining weight, since it has been 
found that the composition of chemical compounds is, on 
the whole, more simply expressed when this assumption is 
made. Stas used 801.4780 grams of potassium chlorate in 
eight experiments, which gave, upon reduction, 487.6605 
grams of potassium chloride, whence follows a value of 
74.5902 zb 0.0045 for the combining weight of the latter. 
(The quantity following the =b sign signifies here, as usual, 
the probable error of the result.) Weighed quantities of 
potassium chloride and metallic silver were then dissolved 
in water and dilute nitric acid, respectively, and the rela- 
tive quantities of the two -substances which exactly precip- 
itated each other determined The sum of the amounts 
of potassium chloride used in twenty-three experiments was 
found to be 147.70775 grams, and to this 210.85508 grams 
of silver were found to correspond; and from the propor- 
tion, 147.70775 : 210.85508 : : 74.5902 : the combining 
weight of silver, follows for the last named quantity the 
value 107.9401 ±: 0.0058. 

2. Weighed quantities of silver chlorate were dissolved 
in water and reduced by means of sulphurous acid to silver 
chloride. The composition of the latter was also determined, 
first, by heating silver in chlorine gas, and second, by dis- 
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solving it in nitric acid and precipitating with hydrochloric 
acid or ammonium chloride. 

3. Silver bromate was reduced in the same way to silver 
bromide, in order to determine the combining weight of the 
latter with reference to that of oxygen. The composition 
of the silver bromide was determined by a compUu synthesis; 
that is, the weights of silver and of bromine which combine 
with each other were determined, as well as the weight of 
their product. The fact that the last weight was almost 
exactly equal to the sum of the weights of the elements 
taken is an almost conclusive proof of the purity of all the 
substances, and of the accuracy of the experiments. 

4. The combining weight of silver iodide was similarly 
determined by reducing silver iodate with sulphurous acid 
solution to silver iodide, and also by a complete analysis of 
the iodate, which consisted in decomposing weighed quanti^ 
ties of it by heat and weighing the quantities of silver iodide 
and oxygen produced. The composition of silver iodide was 
determined by a complete synthesis. 

5. Silver sulphate was reduced to metallic silver by 
continued heating in a stream of hydrogen gas. The com- 
position of silver sulphide was also determined. 

The results obtained by the five methods which have 
been just described are shown in the following table. The 
numbers are the combining weights of the substances whose 
formulas are given at the beginning of the separate lines. 

1. KCl from KCl : KClOg = 74. 5902 i 0.0045 

2. AgCl from AgCl : AgClOg ^ 143.3940 i 0.0064 

3. AgBr from AgBr : AgBrOj = 187.8759 db 0.0237 

4. Agl from Agl : AglOg = 234.7907 ifc 0.0095 

5. Ag,S from |^^| ; A|.|^^ | = .47.^74 ± ^,5 
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I. 


Ag from Ag : KCl 


= 107.9401 db 0.0058 


2. 


Ag from Ag : AgCl 


— 107.9406 zfc 0.0049 


3. 


Ag from Ag : AgBr 


= 107.9233 db 0.0140 


4- 


Ag from Ag : Agl 


= 107.9371 dc 0.0045 


5. 


Ag from 2Ag : Ag^S 


= 107.9270 dc 0.0090 



Mean = 107.9376 ± 0.0037 

From the results just tabulated the combining weights 
of chlorine, bromine, iodine, and sulphur can be directly ob- 
tained by subtracting the mean value of the combining 
weight of silver from the combining weight of the corre- 
sponding silver compound, and that of potassium, by sub- 
tracting that of chlorine from the combining weight of 
potassium chloride. The combining weights of the first 
four elements can also be computed from the mean value 
for silver and the composition of their compounds with it. 
The values obtained by a combination of these two methods 
are: 

CI = 3 5 -45 29 dc 0.0037 

Br = 79.9628 zfc 0.0032 

I = 126.8640 zfc 0.0035 

S = 32.0626 dc 0.0042 

K = 39- 1 361 ±: 0.0032 

In a similar manner the combining weights of other 
elements have been determined. One of the most common 
processes consists in preparing the chloride or bromide of 
the element, and in determining the proportion of chlorine 
or bromine in it by precipitation with silver nitrate. 

i6. Numerical Values of the Combining Weights. — 
The following table contains the names of the well-estab- 
lished elements, the symbols by which they are commonly 
represented, and the most probable values of their combin- 
ing weights, which have been derived through a critical con- 
sideration of the results of all the determinations which have 
been made up to the present time. Those multiples of the 
analytical values are given which are now commonly em- 



f 



46 GENERAL PRINCIPLES OF PHYSICAL SCIENCE. 

ployed by chemists, and which, by reason of certain theo- 
retical considerations connected with them, are designated 
atomic weights. The values are referred to the oxygen 
standard, the combining weight of this element being as- 
sumed to be 16.CXX). Such a number of figures is retained 
that the figure before the last is probably not uncertain by 
as much as one unit. Columbium and niobium, beryllium 
and glucinum, are merely di£Ferent names for the same 
elements. As no compounds of the recently discovered 
gaseous elements, argon, helium, krypton, neon, and xenon, 
have been prepared and analyzed, no combining weights 
are assigned to them in the table. 
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TABL£ OF COMBINING AND ATOMIC WEIGHTS. 



Aluminum 


. Al 


27.1 


Neodymium . . 


Nd 


143.6 


Antimony . 


. Sb 


lao.o 


Neon .... 


Ne 


• . • 


ATgon . . 


. A 


• . • 


Nickel. . . . 


Ni 


68.70 


Arsenic 


. An 


76.0 


Niobium • . . 


Nb 


94. 


Barium 


. Ba 


137.43 


Nitrogen . . . 


N 


14.04 


Beryllium . 


• Be 


9.1 


Osmium . . . 


Os 


190.8 


Bismuth . 


. Bi 


ao8. 


Oxygen . . . 





16.000 


Boron • • 


. B 


11.0 


Palladium . . 


Pd 


106.6 


Bromine • 


. Br 


79.965 


Phosphorus . . 


P 


31.0 


Cadmium • 


. Cd 


112.3 


Platinum . . . 


Pt 


196.2 


Csesium • 


. Cs 


132.9 


Potassium . . 


K 


39.14 


Calcium • 


. Ca 


40.1 


Praseodymium . 


Pr 


140.6 


Carbon . . 


. C 


12.001 


Bhodium • • . 


Kb 


103.0 


Cerium . . 


. Ce 


140. 


Bubidium . . • 


Bb 


86.44 


Chlorine • 


. CI 


36.466 


Buthenium . . 


Bu 


101.7 


Chromium 


. Cr 


62.14 


Samarium . . 


Sm 


150. 


Cobalt . . 


. Co 


69.00 


Scandium . . 


Sc 


44. 


Columbium 


. Cb 


94. 


Selenium . • . 


Se 


79.2 


Copper . • 


. Cu 


63.604 


Silicon. • . . 


Si 


28.4 


Erbium . 


. Er 


166. 


Silver .... 


Ag 


107.93 


Fluorine • 


. Fl 


19.05 


Sodium . . • 


Na 


23.06 


Gktdolinium 


. Gd 


166. 


Strontium . . 


Sr 


87.68 


Grallium . 


. Ga 


70.0 


Sulphur • . . 


S 


32.066 


Grermanium 


. Ge 


72.6 


Tantalum . . 


Ta 


183. 


Glucinum • 


. Gl 


9.1 


Tellurium . . 


Te 


127.5 


Gold . . 


• Au 


197.3 


Terbium . . • 


Tb 


160. 


Helium 


. He 


. • • 


Thallium . . . 


Tl 


204.15 


Hydrogen . 


. H 


1.0076 


Thorium . . . 


Th 


233. 


Indium 


. In 


114. 


Thulium . . . 


Tu 


170. 


Iodine • . 


I 


126.85 


Tin. ... . 


Rn 


XJ9.0 


Iridium • 


. Ir 


193.0 


Titanium . • • 


Ti 


48.17 


Iron . . ^ 


. Fe 


66.9 


Tungsten . . 


W 


184. 


TLiypton . 


. Kr 


• • • 


Uranium . . . 


U 


238.5 


Lanthanum 


. La 


138.6 


Yanadium . . 


V 


61.4 


Lead . « 


. Pb 


206.92 


Xenon . . . 


X 


... 


Lithium . 


. Li 


7.03 


Ytterbium . . 


Yb 


173. 


Magnesium 


. Mg 


24.36 


Yttrium . . . 


Y 


89.0 


Manganese 


. Mn 


66.02 


Zinc .... 


Zn 


65.40 


Mercury . 
Molybdenun 


. Hg 
L Mo 


200.0 
96.0 


Zirconium • • 


Zr 


90.6 
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17. Elementary Composition as a Means of Distin- 
guishing Chemical Substances from Mixtures. — Since 
pure chemical substances contain the elements in quantities 
that are proportional to their combining weights o^ small 
multiples of them, while mixtures may contain the elements 
in any proportion, it is evident that a knowledge of the 
quantitative elementary composition of a substance is of as- 
sistance in determining whether it is a pure compound or a 
mixture. It is not true, however, as may seem at first to be 
the case, that a correct decision can always be reached by 
this method. For this there are two reasons. The first 
is that the analyses of substances proved to be pure by 
the two methods described in § 9 have shown, that, while 
in the case of the compounds of almost all the elements 
the small whole numbers by which the combining weights 
must be multiplied in order to express the composition cor- 
rectly, seldom exceed a few units in value, yet in the case of 
some of the compounds of a few elements, notably carbon, 
the values of these multiplying factors are so large, that, in 
view of the unavoidable analytical errors, the elementary 
composition is of no assistance in distinguishing such com- 
pounds from mixtures. The second reason is that experi- 
ence has shown that isomeric substances exist, that is, sub- 
stances which, though distinct in some of their other proper- 
ties, are identical in their elementary composition. It may 
be added that isomeric substances, like those of complex 
composition, are extremely common among the compounds 
of carbon, but are comparatively rare among those not con- 
taining this element. 

Conformity in composition with that required by the 
Law of Combining Weights is therefore only an important 
indication, not a universally applicable criterion, of a pure 
chemical substance, while apparent non-conformity with it 
is a strong indication, but not conclusive evidence of a mix- 
ture. The indications are generally reliable in the case of 
the compounds of other elements than carbon, but very 
uncertain in the case of these. 
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Some examples of non-conformity with the Law may be 
presented. If a sample of rock-salt were found on analysis 
to contain, in combination with 35.45 grams of chlorine, 
22.50 grams of sodium, instead of the 23.05 grams which 
its combining weight requires, the salt would be correctly 
pronounced a mixture. But if the pure substance stearine, 
which in reality contains the elements carbon, hydrogen, and 
oxygen, in the ratio of 57 combining weights of the first to 
1 10 of the second to 6 of the third, were accurately analyzed, 
and the same reasoning applied to the results, the erroneous 
conclusion that it also is a mixture might be drawn, on 
account of the apparent non-conformity in composition 
with the Law of Combining Weights. 

It is evident from these considerations that, if the Law 
of Combining Weights is to apply to all chemical compounds, 
the restriction in the statement of it to the effect that the 
multiples of the combining weights of the component ele- 
ments are small ones, must be broadly interpreted. It is 
nevertheless true, that the significance of these laws, both 
from an analytical and a theoretical standpoint, depends very 
largely on the fact that the integral factors involved do not 
exceed a few units in value in the case of a large proportion 
of compounds. 

18. Chemical Formulas and Chemical Equations* — 
In order to express the gravimetric composition of com- 
pounds, the symbols of the elements are considered to rep- 
resent their combining weights, and are written in sequence 
with such integers as subscripts as will make the resulting 
formulas express the proportions by weight of the elements in 
the compounds. Such formulas, which express nothing more 
than the results of analysis, are csiX^d, empirical formulas. 
Thus, water is found to contain hydrogen and oxygen in the 
proportion of 1.0075 • ^> ^^^ since the combining weights 
of these elements are 1.0075 and 16, the empirical formula 
of water is HgO. 

In order to determine the formula of a compound from 
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its percentage composition, the percentage weight of each 
element is divided by its combining weight, and the result- 
ing values, which evidently express the relative number of 
combining weights of the separate elements in the com- 
pound, are then multiplied by such a factor as will make 
them all whole numbers, or so nearly equal to whole num* 
bers that the deviation is not greater than can be accounted 
for by the experimental error. This factor can commonly 
be obtained at once by inspection, especially if the relative 
values are first simplified by dividing them all by the 
smallest one of them. 

For example, ferric oxide is found by analysis to contain 
30.0 per cent, of oxygen and 70.0 per cent, of iron. The 
ratio of the number of combining weights of these elements 
in the compound is, therefore, ^ : f^, or 1.250 : 1.875, or 
I : 1.5. The empirical formula is, therefore, FcjO,. — An 
actual analysis of an organic substance by the ordinary 
method showed the following percentage composition : 
C : 51.60; H : 7.05 ; O : 41.35. Therefore the ratio of the 
number of combining weights is \\W : , ^-^i, : WW t or 

° ® 12.00 1.0076 16.00 

4.30 : 7.00 : 2.58, or 1.67 : 2.71 : i.oo, or 5.00 : 8.13 : 3.00. 
Since the deviation from an integer of the calculated num- 
ber of combining weights of hydrogen (8.13) would corre- 
spond to a variation of about o. i of a unit in its percentage 
weight (7.05), and since an experimental error of this mag- 
nitude is usual in such analyses, no significance is to be 
attached to the deviation, and the conclusion is to be drawn 
that the composition of the compound is represented within 
the experimental error by the empirical formula CgHgO,. 

In order, on the other hand, to calculate the percentage 
composition of a compound from its formula, the number 
of combining weights of each element (as shown by the 
subscripts in the formula) is multiplied by the corresponding 
combining weight itself, and each product is then divided by 
the sum of the products. The result gives evidently the 
fractional quantities of the various elements in the com- 
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pound. Thus the formula of cane sugar is CX2H22OX1. The 
ratio of the weights of the elements contained in it is, there- 
fore, 12 X 12.00 : 22 X 1.0075 : II X 16.00, or 144 : 22.2 : 
176; and the percentage of carbon is ,^ i^^^^ i^\^^, or 

X44 *t* SS*S + 176 
42.08. 

In order to express the relative quantities of substances 
that enter into and are produced by chemical transforma- 
tions, their formulas are considered to represent not only 
the proportions by weight of the elements of which they 
are composed, but also absolute weights of the substances 
equal to the sum of the weights represented by the symbols 
of the elements in the formulas. This weight may be 
designated the formula-weight of the substance. Thus the 
formula of sulphuric acid, H^SO^, represents (2 X 1.0075) 
4- 32.065 + (4 X 16.000) = 98.080 grams of sulphuric acid ; 
and that of sodium hydroxide, NaOH, 23.050 + 16.000 + 
1.008 = 40.058 grams of sodium hydroxide. The formulas 
of substances involved in a definite reaction (that is, in a 
definite chemical transformation) are then written together 
in the form of an equation, each formula being preceded 
by such an integral coefficient as will make the equation 
express the relative quantities of the reacting substances. 
For example, the expression, 

H2SO4 + 2NaOH = Na^SO^ + 2H2O, 

signifies that 98.080 parts by weight of sulphuric acid react 
with 80.115 parts of sodium hydroxide with the production 
of 142.165 parts of sodium sulphate and 36.030 parts of 
water. 

It is evidently a simple matter to determine with the 
help of such equations the quantity of a product obtainable 
from a definite quantity of another substance. Two con- 
siderations which are apt to be overlooked by those un- 
familiar with such calculations may be referred to, however. 
In the first place, it is of course essential that the formulas 
used in the calculations represent the composition of the 
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substances actually weighed ; for example, the reaction be- 
tween barium chloride and potassium sulphate is commonly 
written as follows : 

BaClj + KjSO^ = BaSO^ + 2KCI ; 

but, if pure crystallized barium chloride, which contains 
water of crystallization, is the substance weighed out, its 
formula, liz.Q\^,2)^^0^ and not the simpler one used in the 
above equation, must be employed in the calculation. 
Secondly, where one substance is converted into another by 
a series of chemical reactions, it is not necessary to cal- 
culate the quantities of the intermediate products formed, 
but it suffices to compare the weights corresponding to the 
formulas of the original and final substances ; in such cases, 
however, care must be taken to use in the calculation 
those multiples of the formula weights which contain equal 
weights of the common element. For example, if it be 
desired to find how much silver chloride is formed from a 
given weight of chlorine, when the transformation takes 
place in accordance with the equations, 

Hj -f CI, = 2HCI, and, 
AgNOj + HCl = AgCl + HNOj, 

it is superfluous to calculate first the quantity of hydro- 
chloric acid, and then that of silver chloride; for the lat- 
ter is obtained directly from the ratio 2AgCl : CI2 (not, 
however, from the ratio AgCl : Cl,). If ferric oxide (Fe^Oj) 
is completely transformed, by the removal of oxygen in any 
manner whatever, into ferroso-ferric oxide (FegO^), the 
relative weights of the two substances are not expressed by 
the simple ratio FcjOg : FegO^, but by the ratio sFcjOg : 
2Fe304, since only in the latter case do the two formulas 
represent quantities of the substances containing the same 
amount of iron. 

xg. Definition of Equivalent Weights. — The equa- 
tions used as examples in the last section illustrate the fact 
that the relative weights of the substances involved in any 
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reaction are not necessarily the formula-weights, but are 
frequently small multiples of these. It is therefore highly 
desirable to have different terms for these different quan- 
tities, and it has become customary to designate the 
weights of substances which enter into reactions with one 
another, or take the place of one another in corresponding 
reactions, as equivalent weights. In giving definiteness 
to this term, the difficulty is met with that reactions exhibit 
some diversity of character, and that those weights of sub- 
stances which are comparable with one another with respect 
to one kind of reactions may not be so with respect to other 
kinds. This difficulty is not serious, however, in the case of 
the metallic elements and their compounds ; for mo^t of the 
reactions in which they are involved are included in one of 
two classes known respectively as metathetical reactions, 
and as oxidation-and-reduction reactions. 

A metathetical reaction is one in which an element or 
group of elements in one compound changes place with 
some other element or group in another compound All the 
reactions illustrated by equations in the preceding section 
are metathetical reactions, except the combination of hydro- 
gen and chlorine. A reaction of oxidation and reduction is 
one in which oxygen or some acid-forming element or group, 
or hydrogen or some base-forming element or group, is taken 
away from one compound and added to another compound ; 
the compound which takes up oxygen or the acid-forming 
element or loses hydrogen or the base-forming element, is 
said to be oxidized, and the compound of which the reverse 
is true, to be reduced. The following equations represent 
reactions of oxidation and reduction, the substance which 
is oxidized being placed first in each case. 

SnClj + 2HgCL, = SnCl^ + 2HgCl. 
2K^Fe(CN)e -f CI, = 2K8Fe(CN)e + KCl. 
SPbS + SHNOg = sPbSO^ + 8NO + 4H3O. 

If now we recognize that in correspondence with these 
two important classes of reactions a substance may have 
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two different equivalent weights, and if we adopt a definite 
quantity of some substance as a standard of reference, the 
term equivalent weight becomes a fairly definite one. Since 
hydrogen is the element which always undergoes replace- 
ment in the important metathetical reactions in which acids 
•or bases take part, and since it is also frequently involved in 
reactions of oxidation and reduction, it is most natural and 
•convenient to adopt some quantity of it as the standard; 
and it is customary to select as this quantity its combining 
weight (approximately 1.0075 grams), which makes the 
latter identical with its equivalent weight, and makes 16 
grams of oxygen the ultimate basis of the system of equiva- 
lent weights as well as of that of combining weights. The 
equivalent weight or one equivalent of a substance is then 
defined to be that weight of it which enters into a reaction 
of simple metathesis, or of oxidation and reduction, with one 
equivalent of hydrogen or with that weight of any other 
substance which itself reacts with one equivalent of hydro- 
gen. Whether the hydrogen is in the form of the elemen- 
tary substance or in that of one of its compounds, is imma- 
terial. If the reaction under consideration is a metathetical 
one, the quantity just defined is called the metathetical equiv* 
alenty if one of oxidation and reduction, the oxidation-equiv- 
uilenty of the substance. 

The following examples will serve to illustrate these 
.^statements. One equivalent of any acid is evidently that 
weight of it which contains one equivalent of hydrogen 
capable of reacting with a base, and one equivalent of any 
l>ase is that weight of it that neutralizes one equivalent of 
an acid. Thus, the formula-weights, 36.46 and 60.03 grams, 
of hydrochloric acid (HCl) and of acetic acid (HCjHjOj) 
are also the equivalent weights of these substances, for 
these weights contain one equivalent (1.0075 gninis) of 
replaceable hydrogen. The equivalent weight of sulphu- 
ric acid (HJSO4), on the other hand, is only one-half of its 
formula-weight (98.08 grams), that is, 49.04 grams. Simi- 
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larly, the equivalent weight of sodium hydroxide (NaOH) 
is identical with its formula-weight, while that of barium 
hydroxide (BaOjHj) is one-half, and that of ferric hydrox- 
ide (FeOgHg) one-third, of its formula-weight. The equiv- 
alent weight of silver nitrate (AgNOg) is the same as its 
formula-weight, since that quantity precipitates one equiva- 
lent of hydrochloric acid ; those of barium chloride (BaCl^) 
and ferric chloride (FeClg) are one-half and one-third of 
their formula-weights respectively, since it is these quanti- 
ties that are produced by the neutralization of one equiva- 
lent of hydrochloric acid by the corresponding bases, or 
since they react with one equivalent of silver nitrate. 

In order to determine the oxidation-equivalent of a 
substance it is necessary to know into what other substance 
it is reduced or oxidized, and to consider how much hydro- 
gen would be required to effect its reduction, or the same 
reduction of other substances which it itself is capable of 
effecting. Thus the oxidation-equivalent of ferric chloride 
with respect to its reduction to ferrous chloride (FeClj) is 
the weight corresponding to the formula FeClg ; that of 
stannous chloride with respect to its oxidation to stannic 
chloride (SnCl4) is that corresponding to the formula I^SnClj, 
and those of manganese heptoxide (MujOy) with respect to 
its reduction to MnOj and to MnO are the weights corre- 
sponding to ^MnjOy and to y^^MujOy, respectively. The 
equivalent weights of elementary substances are similarly* 
determined; thus, it follows from the formulas AgCl, ZnCIj, 
and AlClg, and the combining weights of the elements (§ i6), 
that the equivalent weight of silver is 107.93, that of zinc, 
32.70, and that of aluminum, 9.037. In cases where an 
element exists in two different states of oxidation, like 
mercury in mercurous and mercuric chloride (HgCl and 
HgClg)! or tin in stannous and stannic chloride (SnClj and 
SnCl^), it has two different equivalent weights with refer- 
ence to its conversion into each of these states ; thus the 
two values are 200 and 100 for mercury, and 59.50 and 
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29.75 for tin, since the combining weights of these ele- 
ments are 200.0 and 11 9.0, respectively. These examples 
and that of manganese heptoxide just preceding them 
illustrate the necessity, in cases where a substance can be 
converted into two or more other states of oxidation, of 
specifying in connection with the equivalent weight what 
reaction is under consideration. 

An important unit of concentration, which is most com- 
monly used in connection with solutions, is also based on the 
definition of equivalents ; namely, when one equivalent of a sub- 
stance is contained in one liter of a solution, the concentration 
of the substance is said to be normal^ and, in general, concen- 
tration values are expressed by prefixing to the word normal 
a number equal to that of the equivalents contained in one 
liter. Thus, a o.i normal solution of sulphuric acid is one 
containing 4.904 grams of it in a liter of solution. Designat- 
ing the number of equivalents of any one substance by n 
(which is equal to ml a^ where m is the weight and a the 
equivalent weight of the substance), and designating by v the 
volume of the solution in which they are contained, the equiv- 
alent concentration c is defined by the relation, c^= NJ v. 

20. General Significance of the Properties of Gases. — 
The properties of gases under moderate pressure are of so 
great importance, not only from the stand-point of general 
chemistry, but also from that of the laws of energy, that they 
deserve consideration among the general principles of physical 
science. The laws regarding the relation of their volume 
to pressure, temperature, and combining weight will be here 
discussed, while those regarding their energy-relations will be 
considered in the next Chapter. 

21. Relation between the Pressure and Volume of 
Gases. Boyle's Law. — In the case of gases having 
pressures not greatly exceeding that of the atmosphere, the 
following simple relation, known from its discoverers as 
Boyle s or Mariotte's LaWj has been found to exist between 
pressure and volume : At constant temperature^ the volume 
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of a definite quantity of gas is inversely proportional to its 
pressure. Since the density of a substance is defined to 
be the ratio of its mass to its volume, this law may also be 
stated as follows : At constant temperature^ the density of a 
gas is directly proportional to its pressure. Thus, if a 
quantity of gas occupied a volume of one liter at a pressure 
of one atmosphere, its volume at a pressure of two atmos- 
pheres would be half a liter ; at three atmospheres, one-third 
of a liter ; and so forth : and its density, or the weight of 
I ccm. of it, would be twice as great at two atmospheres, 
three times as great at three atmospheres, and so forth. 
Boyle's Law is expressed mathematically as follows : 

?__ = ^ = const., 
m D 

where /, Vy m^ and D are the pressure, volume, mass, and 

density, respectively, of a definite kind of gas at a definite 

temperature. 

The units employed for the measurement of mass and 
volume have been already defined, but a statement is 
necessary in regard to those used for the measurement of 
pressure. Pressure is expressed in the centimeter-gram- 
second system in dynes (a unit defined in § 29) per square 
centimeter. Another unit of pressure that is frequently em- 
ployed is the atmosphere^ which is defined to be equal to the 
pressure exerted by a column of mercury, 76 cm. in height, 
of a density of 13.59593 (which is almost exactly the value 
at 0°), and submitted to the normal intensity of gravity^ 
which is so defined as to be almost exactly equal to the 
ayprage intensity at the sea-level in the latitude of 45°. One 
atmosphere is approximately the mean value of the atmos- 
pheric pressure at the sea-level. It is also very common in 
experimental work to express pressure in terms of the height 
of a mercury column, reduced to the conditions just described, 
which exerts a pressure equal to that to be measured. 

There is scarcely any doubt that Boyle's Law is also 
applicable to the components of a mixture of two or more 
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gases. That is, each component of a gaseous mixture exerts 
the same pressure as it would if it were alone present in 
the volume occupied by the mixture. The pressures exerted 
by the separate components are called the partial pressures^ 
and this principle in regard to their values is known as 
Daltofis Law. The law has not received direct experimental 
verification, owing to the difficulty of obtaining satisfactory 
semipermeable walls (§ 8) against which the partial pressures 
might be accurately measured ; but its validity is made almost 
certain by the fact that the total pressure exerted by a 
gaseous mixture, which is of course the sum of the partial 
pressures, is found to be equal to the sum of the pressures 
calculated by Boyle's Law for the separate components. In 
illustration of this law, the following facts may be cited. 
When two liters of oxygen and one liter of nitrogen, both at 
the pressure of one atmosphere, are mixed, and the volume 
of the mixture is maintained at three liters, the pressure is 
found to be still one atmosphere, which is in accordance with 
Dalton's Law ; for the partial pressure of the oxygen should 
have become two-thirds, and that of the nitrogen, one-third 
of an atmosphere. If the volume of the mixture is reduced 
to one liter, the pressure is found to be three atmospheres, 
the partial pressures of the oxygen and nitrogen having 
imdoubtedly become two atmospheres and one atmosphere, 
respectively, as Dalton's Law requires. 

A gas which is considered to conform completely to 
Boyle's Law is called a perfect or ideal gas. No such gas 
actually exists, however ; for Boyle's Law is not in any case 
absolutely exact. In the case of gases whose temperature . 
is far above that of liquefaction, the deviations from it are 
small until high pressures are reached ; in the case of gases 
in the neighborhood of their points of liquefaction, consider- 
able deviations exist, even at low pressures. The following 
table gives an idea of the magnitude and direction of the 
• deviations in the case of some common representative gases. 
The values in the columns headed pivi : p^v^ are the ratios 
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of the pressure-volume product at one atmosphere's pressure 
(/i) to that at two atmospheres' pressure (/«), at a temper- 
ature of 8°, unless otherwise specified. Between these pres- 
sures, the deviations will be seen to vary from about 0.05 to 2.6 
per cent, in the case of the different gases. The table also 
contains some examples illustrating the effect of temperature 
on the deviations. 



Name of the gas. 


A»i : A»i- 


Name of the gas. 


A^i : A»i- 


H jdrogen 

Nitrogen 

Nitric oxide .... 
Nitrous oxide . . . 

Ammonia 

Cyanogen < . . . . 


0.9995 
1.0007 
1.0028 
1.0065 
1.0188 
1.0235 


(8<> 
Carbon dioxide J 50° 

(200° 

Sulphur dioxide \ 50» 


1.0065 
1.0036 
1.0008 
1.0209 
1.0110 
1.0021 



As the pressure continues to increase, in all cases except 
that of hydrogen, the values of the product / v continue to 
decrease, pass through a minimum, and then steadily increase ; 
in the case of hydrogen, a regular increase takes place from 
the start. 

Expressed in mathematical form, it is found that the 
behavior of hydrogen up to very high pressures is repre- 
sented by the equation, p(v — ^) = const., and that of other 
gases by the soK^alled van der Waals* equation^ 



(p + ^ j {v — b) =const. 



in which equations a, by and const, represent constants, which 
vary with the nature and quantity of the gas. For example, 
in the case of ethylene, a gas which deviates greatly from 
Boyle's Law, the values at 20° oi pv calculated with the help 
of this last equation agree closely with those experimentally 
determined, even up to a pressure of 400 atmospheres, if 
appropriate values of the constants be assumed. This is 
shown by the following table, in which are given the pressures, 
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expressed in atmospheres, and the observed and calculated 
values of /v, an arbitrary unit of volume being employed. 



Pressures 


31.6 


46 


84 


133 


234 


329 


399 


p V observed 
>v calculated 


0.914 
0.895 


0.781 
0.782 


0.399 
0.392 


0.520 
0.520 


0.807 
0.805 


1.067 
1.067 


1.248 
1.254 



The following figure illustrates the behavior of hydro- 
gen and nitrogen at 60**, of carbon dioxide at two temper- 
atures (60° and 40**), and of a perfect gas (marked P. G. in 
the figure), up to a pressure of 320 meters of mercury. 
The values of the product / v are plotted as ordinates, and 
the pressures (in meters of mercury) as abscissas ; such 
quantities of the gases being taken that the initial value of 
pv\& the same in each case. 
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22. Relation between the Pressure- Volume Product 
and Temperature. Gay-Lussac's Law of Temperature- 
Effect. — The following principle, known as Gay-Lussac's 
Law of Temperature-EflFect, has also been experimentally 
established : A definite change of temperature causes^ in 
the case of different gases ^ the same fractional change in the 
pressure-volume product: if the pressure is kept constant, 
it causes in all gases the same fractional change in volume ; 
and if the volume is kept constant, it causes in all gases the 
same fractional change in pressure. 

For example, when looo ccm. of air at o*' are heated at 
the atmospheric pressure to lOO®, the volume becomes 1367 
ccm.; and when 500 ccm. of hydrogen are heated in the 
same manner, the volume becomes about 683.5 ccm.; the 
fractional increase (36.7 per cent.) being the same in the two 
cases. If a quantity of either air or hydrogen, having at o® 
a pressure of one atmosphere, is heated to 100® in a vessel of 
constant volume, the pressure increases to 1.367 atmospheres. 

It will be noted that this law states only that temper- 
ature has the same effect in the case of different gases, but 
does not show what the functional relation is between 
temperature and the pressure-volume product. This relation 
will, of course, depend on the scale that has been adopted for 
the measurement of temperature ; specifications in regard to 
this scale must therefore be here presented. It has been 
agreed by physicists to adopt as the unit for the measure- 
ment of temperature the centigrade degree^ which is defined 
to be the difference in temperature which produces in the 
pressure of a quantity of hydrogen gas one one-hundredth 
part of the variation in its pressure which occurs when its 
volume is kept constant and its temperature is changed 
from that of ice melting to that of water boiling under the 
pressure of one atmosphere. As it has been found that 
the fractional increase in pressure varies slightly with the 
initial pressure of the gas, it is necessary to specify also a 
definite initial pressure ; accordingly, it is agreed that the 
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pressure of the gas at the temperature of melting ice shall 
be that of one meter of mercury. In order to express the 
temperature absolutely, it is also necessary to adopt some 
arbitrary zero-point; and as such, the temperature of ice 
melting under a pressure of one atmosphere has been chosen. 
Temperatures referred to this scale and to this zero-point 
are designated normal temperatures (/). In many theo- 
retical considerations it is simpler to adopt such a zero-point 
that temperatures will be directly proportional to the 
pressures which they produce in a quantity of hydrogen 
gas ; now, since its pressure at the temperature of melting 
ice is found to increase ^^ when the gas is heated to loo^, 
this proportionality will be secured if a zero-point 273.0*' 
lower than the normal zero be adopted. Temperatures 
referred to this zero-point are called absolute temperatures 
(T\ by reason of a relation to the Second Law of Ener- 
getics that will be explained in Chapter IV. It is evident 
that r= 278.0 + /. 

Now, since the change in pressure of hydrogen gas 
has been adopted as the ultimate standard for the measure- 
ment of temperature, and since by the Law of Gray-Lussac 
temperature has the same effect in the case of all gases, it 
follows that the change in the pressure-volume product of any 
gas is directly proportional to its change in temperature. 
This statement, which embraces the definition of temper- 
ature and the Laws of Gay-Lussac and Boyle, is mathe- 
matically expressed by the equation: 

where ex is a quantity (known as the coefficient of expansion) 
which has nearly the same value for all gases, and where 
/o^ v^y and /, z/, represent the corresponding pressures and 
volumes of the gas at 0° and /°, respectively. The value of «, 
which is by definition equal to the fractional increase which 
the pressure-volume product undergoes when a gas is heated 
.from o® to I®, has been already stated to be ^^^^ in the 
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case of hydrogen. By substituting this value, the last equa- 
tion can be transformed into the following one : 

pv PoVq 

^ r^yg = ^-^ = w X const, (for a definite gas). 

With the help of the concept of absolute temperature, 
this principle may be stated more simply as follows : The 
pressure-volume product of a definite quantity of any definite 
gas is proportional to its absolute temperature. It is ex- 
pressed by the equation : 

pv 

— =z mX const., 

in which the constant is evidently the value of the ratio 
pv I T ioT I gram of any definite gas. Its value is different 
for different gases, however. 

Attention may also be called to the fact, which is some- 
times overlooked,, that, though the absolute increase in the 
pressure or volume of a definite quantity of a gas is the same 
for 1°, whatever may be the temperature, the relative or 
fractional increase is variable, being always one TTth part of 
the initial value. For example, a gas increases ^^ of its 
volume measured at o** whether it is heated at constant 
pressure from o° to i® or from icx)° to ioi°; but in either 
case it increases not ^^, but ^^^, of its volume measured at 
1 00°. The ratio pv j T v& evidently the absolute increase 
in the product pv due to an increase of temperature of i® 
at any temperature T, 

The Law of Gay-Lussac, like that of Boyle, is not abso- 
lutely exact ; that is, equal changes in temperature do not 
produce in all gases exactly the same change in the product 
/^.* This is shown by the following table, which contains 
the values of the fractional increase in pressure (100 «) which 
different gases undergo when they are heated from 0° to 
100°, the volume being kept constant and the initial pres- 
sure ^being that of one meter of mercury. 
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Name of tiM fu. 


^ 


MUMOltlMpW. 


lOOOL 


Hvdrogen 

Nitrogen 

Carbon monoxide . . 


0.3662 
03675 
0.3667 


Carbon dioxide . • . 
Sulphur dioxid« . . . 

• 


0.3725 
a3845 



It will be seen that all the very difficultly liquefiable 
gases (those contained in the first column) have nearly the 
same values, while the more easily liquefiable gases (those con- 
tained in the second column) have considerably larger values. 

23* Relation between the Pressure- Volume Product 
and Combining Weight. Gay-Lussac's Law of Combin- 
ing Volumes. — In addition to the laws already considered, 
an important relation between the pressure-volume product 
for substances in the gaseous condition and their combining 
weights has been established by experiment. This relation 
may be stated as follows : The combining weights of all sub- 
stances in the gaseous condition have at the same temperature 
equal values of the pressure-volume product^ or values of it 
which stand to one another in the ratio of small whole num- 
bers. If the volume occuQ^ed by the combining weight of 
a substance is called its combining volume^ the law may also 
be stated thus : The combining volumes^ measured at the 
same temperature and pressure^ of all substances in the gas- 
eous condition are equals or stand to one another in the ratio 
of small whole numbers. This law is called the Gay- 
Lussac*s Law of Combining Volumes. 

For example, two volimies of hydrogen unite with one 
volimie of oxygen to form water; one volume of ammonia 
unites with one volume of hydrochloric acid gas to form 
ammonium chloride; two volumes of benzene-vapor require 
fifteen volimies of oxygen for their complete combustion, 
and twelve volumes of carbon dioxide and six volumes of 
water-vapor are formed as products. To substances which 
are not together involved in any one definite chemical reac- 
tion the principle is also applicable; for their combining 
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weights can always be determined indirectly, by comparisons 
of their elementary compositions or of the quantities of them 
involved in reactions with other substances. Thus, the com- 
bining weights of ammonia and hydrogen, determined, for 
example, by comparing the quantities of them combined with 
a definite quantity of chlorine in the compounds ammo- 
nium chloride and hydrochloric acid, are to each other as 
17.06 : i.cx)8, and the combining volimies of these sub- 
stances, that is, the volumes of 17.06 grams of ammonia 
and of 1.008 grams of hydrogen, are to each other as 2 : i. 
Gay-Lussac's Law of Combining Volumes is subject to 
deviations of the same order of magnitude as those which 
affect the validity of the Boyle's Law and Gay-Lussac's Law 
of Temperature-Effect. For example, the volumes of hydro- 
gen and oxygen, measured at o** and ^6 cm. pressure, which 
combine with each other to form water are not as 2 : i, but, 
according to the accurate experiments of Scott and Morley, 
as 2.0027 : I. In the case of readily liquefiable gases, the 
deviations from whole numbers are much greater. 

24. General Expression of the Pressure-Volume 
Relations of Gases. Empirical Definition of Molecular 
Weight. — It was mentioned above that the product pv IT 
has a different value for equal weights of different gases ; 
thus, when absolute units are employed, it has the value of 
2 600 000 for I gram of oxygen, and the value 41 200 000 
for I gram of hydrogen. Since, however, its value for dif- 
ferent weights of a definite gas is proportional to those 
weights, it is evident that the relative weights of different 
gases which have the same value of the product pv I T can 
be readily calculated, and that these weights can be expressed 
absolutely by adopting a definite weight of some definite gas 
as a standard of reference. It has been agreed to adopt 
32 grams of oxygen as the standard, and to designate that 
quantity of any other gas that has the same value of the 
product /t; / T' as 32 grams of oxygen, the molecular weighty 
or one mol^ of the gais. 
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In consequence of the Law of Combining Volumes and 
the adoption of twice the combining weight of oxygen as the 
standard, it is evident that the molecular weight of any sub- 
stance is equal to its combining weight, or stands to it in the 
relation of some small whole number. But since the Law of 
Combining Volumes is not exact, and since as a rule gaseous 
densities are not determined with as great accuracy as the 
combining weights, the following, exact definition, based both 
on combining weights and on the volume-relations of gases, 
has been adopted : the molecular weight or one ntol of any 
gaseous substance is that small multiple or sub-multiple of 
its combining weight which has approximately the same value 
of the product / z; / 7" as 32 grams of oxygen. 

While the name molecular weight originated from cer- 
tain hypothetical considerations connected with the quantities 
denoted by it, it is clear that these quantities as here defined 
are experimentally determinable ones, and are not based on 
any hypothesis whatever. 

With the help of this definition of molecular weight, the 

vohune-relations of gases under moderate pressures can be 

fully expressed by the following highly important, general 

equation : 

pv = NRT 

in which /, v^ and T signify, as usual, the pressure, volume, 
and absolute temperature of the gas ; -A^is the number of mols 
present in it, and is evidently equal to m / M, where m is the 
weight, and M the molecular weight, of the gas ; and i? is a 
constant for all gases, equal to the value oi pv j 7" for one 
mol of any gas. 

The numerical value of the constant R is readily calcu- 
lated from the data pertaining to oxygen : according to the 
exact determinations of Morley, one gram of this gas under 
the so-called normal conditionsy that is, at 0° and a pressure 
of one atmosphere, occupies a volume of 699.8, or almost 
exactly 700 ccm., so that 32 grams of it occupy a volume of 
22 400 ccm. or 22.4 liters, a value which (like all others that 
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in this book are represented by bold type) it is well to remem- 
ber, since it is the volume of one mol of any gas under normal 
conditions. Therefore, 

ie=|^= 14^^ = 0.0820, 
NT I X 273.0 ■ 

when the pressure is expressed in atmospheres and the vol- 
ume in liters. If the pressure is expressed in dynes and / 
the volume in cubic centimeters, i? = 8.31 X 10'. 

It is evident, if four of the five factors (w, M^p^ v, T) 
on which depend the volume properties of gases, are known, 
that the remaining one can readily be calculated by this 
equation. As in all numerical applications of algebraic ex- 
pressions, care must be taken that the units in which the 
corresponding quantities (here the constant R and the five 
variables) are expressed, be identical. 

By dividing both members of the equation pv = Nit T by 
m, the weight of the gas, and substituting ior m / v the den- 
sity D, and ior m / N the molecular weight M of the gas, the 
equation, M= DR T / p, is obtained. This states that, at 
constant temperature and pressure, the molecular weights 
of gases are proportional to their (absolute) densities. Since 
the molecular weight of oxygen Mq = 32, the molecular 
weight of any gas is equal to 32 times the ratio of its 
density to that (Dq) of oxygen at the same temperature and 
pressure; that is, jW= 32 D I Dq, Since experimentally de- 
termined densities are often referred to the density of air 
{Df^) instead of that of oxygen, it is worthy of note that 
-^A • -^o • • 28.97 • 32, or very nearly as 29 : 32. 

It is customary to employ for gaseous substances whose 
densities have been determined, chemical formulas corre- 
sponding to that multiple of the combining weight, which 
is the molecular weight as above defined. Such formulas 
are called molecular formulas. They evidently express not 
only the nature and relative quantities of the component 
elements, but also the value of the pressure-volume product 
for any weight of the gaseous substance. The formula- 
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weight of a gaseous substance thus becomes identical with 
its molecular weight. It is also the practice, when reasons 
for another procedure do not exist, to represent the liquid 
and solid substances into which gaseous substances are 
converted by withdrawal of heat, by the same molecular 
formulas, and to designate the weights corresponding to 
these formulas as one mol of the substances. 

For example, liquid benzene is found by analysis to 
contain 92.25 per cent, of carbon and 7.75 per cent, of 
hydrogen. By dividing these percentages by the combining 
weights of the elements (12.00 and 1.008, respectively), it 
is found that the substance contains an equal number of 
combining weights of the two elements. Its combining 
weight is therefore 13.01 and its empirical formula is CH. 
Its density, when in the form of vapor at 100**, has been 
determined and found to be 2.47 times as great as that of 
oxygen at that temperature when under the same pressure. 
The molecular weight of it is therefore approximately 
32 X 247 = 79.0, which is nearly six times the combining 
weight deduced from the analysis. The exact molecular weight 
is therefore 78.06, and the molecular formula is C^H^. 

It is frequently desirable to express the concentration of 
a substance in« terms of the number of mols per unit of 
volume; and it has recently been proposed to use the 
adjective molar to signify one mol per liter, and to prefix 
to this word numbers to indicate fractions and multiples of 
one mol per liter. Thus, a 0.05 molar solution of benzene in 
alcohol is one which contains ^ mol or 3.903 grams of ben- 
zene in one liter of the solution. In general, designating 
by N the number of mols of any one substance contained 
in the volume Vy the molar concentration C is expressed by 
the relation, C = N j v. The general adoption of this term 
molar seems highly desirable, in order to avoid the serious 
confusion which is beginning to arise through the use of the 
term normal by some writers in the sense of one mol, as well 
as in its appropriate sense of one equivalent, per liter. 



CHAPTER IV. 

THE GENERAL PRINCIPLES RELATING TO ENERGY. 

25. The Forms of Energy and Other Classes of 
Energy Manifestations. — Energy has been already defined 
(§ 6) to be that which gives rise to the changes in the prop- 
erties of bodies and to the power which bodies, or in some 
cases portions of unoccupied space, possess of producing 
such changes. It has also been stated that the manifesta- 
tions of energy are most varied in character. Nevertheless, 
it has been found possible to refer all of them to a compara- 
tively small number of so-called forms of energy ^ each form 
corresponding to a certain definite tendency in the body 
possessing it to undergo a change in position or condition. 
The forms of energy which may be associated with matter 
are designated as follows : 

1. Kinetic Energy. 5. Electrical Energy, 

2. Gravitation Energy, 6. Magnetic Energy, 

3. Cohesion Energy. 7. Chemical Energy, 

4. Disgregation Energy, 8. Heat Energy, 

Kinetic energy is the energy that bodies possess in 
virtue of their motion. Gravitation energy is the energy 
that bodies possess in virtue of their inherent tendency to 
approach one another. Cohesion energy and disgregation 
energy are terms here employed to designate the forms of 
energy a body possesses in virtue of the tendency of its 
particles to approach one another, and to recede from one 
another, respectively. The existence of cohesion energy is 
shown by the contraction of solid and liquid bodies upon 
cooling, by the tendency of a stretched piece of wire or 
rubber to become shorter, by the attraction of two carefully 
ground plates laid close together, and by the tendency of 
the surface of liquids to diminish in extent, as is illustrated 
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by drops of water assuming a spherical form and by capillary 
phenomena, such as the rise of liquids in narrow tubes. 
Disgregfation energy is exhibited by all gases and by com- 
pressed liquids and solids ; for these have the power of pro- 
ducing changes in virtue of the tendency of their particles 
to separate. Electrical and magnetic energies cannot be 
intelligibly defined in a few words ; it is sufficient at this 
point to state that they are the forms of energy correspond- 
ing to those properties of bodies which are treated of in the 
divisions of physics known as Electricity and Magnetism. 
Chemical energy is the energy that bodies possess in virtue 
of the tendency of the chemical substances present in them 
to undergo transformations into other substances. Heat 
energy is the energy that bodies possess in virtue of the 
tendency of their temperatures to decrease : it is the energy 
which is given out by bodies when they are brought into 
communication with surroundings of lower temperature. 

Energy manifestations may also be considered from 
other points of view. A convenient classification of some 
of them, based on the space relations of bodies, may be 
here mentioned. The energy which bodies possess in virtue 
of their tendency to approach or recede from one another is 
called distance energy, without reference to the form of 
energy, as above defined, from which the tendency may 
arise ; thus, gravitation energy is by nature a form of dis- 
tance energy, but electrical and magnetic energies also give 
rise to it under certain conditions, as is illustrated by the 
attraction and repulsion which electrically charged bodies or 
magnetized bodies exert on one another. The powers of 
doing work (a term defined just below) which bodies possess 
in virtue of their tendencies to undergo changes in surface, 
volume, and form, are called surface energy, volume energy, 
and elastic energy, respectively. These are special mani- 
festations of cohesion and disgregation energies rather 
than distinct forms of energy. Surface energy is of 
especial importance in the case of liquid bodies, whose 
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surfaces always tend to diminish in extent, as was illustrated 
above. Volume energy is exhibited by all compressed bodies, 
whether solid, liquid, or gaseous. Elastic energy, as distinct 
from volume energy, is possessed only by solid bodies : it is 
the energy that is developed in them by the external appli- 
cation of pressure or tension, and it is the resultant of the 
changes thereby produced in the cohesion and disgregation 
energies within the bodies. Thus, the elastic energy of a 
bent steel spring or a stretched wire is due both to the 
cohesion energy of the extended parts and to the disgrega^ 
tion energy of the compressed parts of the spring or wire. 
In the interpretation of most phenomena the consideration 
of the surface, volume, and elastic energies has a great 
advantage over the consideration of the cohesion and dis* 
gregation energies involved, since the former are determined 
by their external manifestations and are therefore capable of 
quantitative measurement (as is described in § 30), while, 
as a rule, the latter are not accessible to it. 

The general term potential energy is used to designate 
the energy that bodies possess in virtue of their position or 
their configfuration : it includes the four classes of energy- 
manifestations considered in the preceding paragraph. The 
term mechanical energy includes kinetic energy in addition 
to these. 

A convenient term in common use, closely related to 
energy, is the term worky which is used to designate the 
quantities of all forms of energy except heat, involved in 
any process of energy transformation or transference; it 
therefore signifies the quantities of the various forms of 
mechanical energy, of electrical and magnetic energies, and 
of chemical energy, that undergo change in form or location 
in any process. Thus, it is customary to speak of the 
transformation of heat into work, for example, by the steam 
engine when it produces motion or electrical energy, raises 
a weight, compresses a gas, etc., and in general of the pro- 
duction of both heat and work in the surroundings whea 
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a body parts with a portion of its energy, the two terms 
heat and work being considered to embrace all forms of 
energy produced. The work is said to b^ done by the 
body which parts with its energy upon the body whose 
•energy is increased. Thus, work is done by an explosive at 
the expense of its chemical energy on the cannon ball which 
it sets in motion, and by the steam engine at the expense of 
the heat energy of the steam upon the body which it raises. 
The reason for thus distinguishing heat from other forms is 
the existence of the Second Law of Energetics, which is 
discussed below. It should be added that in the science of 
Mechanics the term work is used in a more specific sense, 
namely, to designate the energy-change corresponding to the 
displacement of a force through a distance ; in this book, 
however, it will be used only in its general sense. 

The rate at which energy is transferred from one body 
to another, or transformed from one form to another, is 
called activity y or in engineering practice, /i^w^ when the 
transference or transformation is of such a character that 
work is said to be done. That is, activity or power is 
the ratio (dW I dr) of the work done {dW) to the time {dr) 
in which it is done. 

Although there are no phenomena that furnish direct 
manifestations of energy unaccompanied by the manifesta- 
tions of matter (§ 7), yet there are phenomena which justify 
the inference that energy does exist unassociated with 
matter. Thus, this inference is to be drawn from the 
fact that portions of space which contain no matter, under 
some conditions possess the power of producing changes in 
the properties of bodies that are introduced into the space. 
In illustration of this statement, the following phenomena 
tnzy be cited: any non-transparent body, even if sur- 
rounded by a vacuum, when placed in a sunbeam acquires 
the property of visibility; a thermometer with blackened 
bulb similarly placed indicates by the extension of its 
mercury column a rise of temperature ; and in a metal ring 
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interrupted by i small spark-gap electric sparks are produced 
when it is suitably placed near a circuit having a spark-g^p 
across which electric discharges are taking place. In addition 
to the forms of energy associated with matter, which have 
been already considered, it is therefore necessary to recog- 
nize another form in which energy exists unassociated with 
matter. This form, which is known as radiant energy ^ may 
be defined as the form in which energy is transmitted from 
one body to another through space without the mediation of 
ordinary matter. Various manifestations of it may be dis- 
tinguished : the most important are lights radiant heat^ and 
electromagnetic radiations^ which are capable of producing 
in bodies the properties of visibility, increased temperature, 
and electrification or magfnetization, respectively. They are 
illustrated by the three examples just cited. Besides these, 
there have been recently discovered other more special 
varieties of radiant energy, such, for example, as are possessed 
by the so-called Rontgen Rays and Becquerel Rays. 

* The general definition of energy, given above, as that 
which gives rise to the changes in properties of bodies, is 
not that which is customary in treatises on physics, where it 
is usually defined as the power of doing work. The latter 
definition is open, however, to the objection that it presup- 
poses a definition of work, which cannot, of course, in this 
case logically be defined in terms of energy, as has been 
done above, but must, therefore, be defined in terms of some 
less fundamental concept, that of force being usually em- 
ployed. Another definition, which has recently been pro- 
posed, is, energy is the power to change the state of motion 
of a body. While the same objection does not apply to 
this, both these special definitions have the disadvantage 
of giving undue prominence to one particular form of en- 
6i^gy> ^nd tend towards an exclusively mechanical inter- 
pretation of natural phenomena. Another, more serious 
objection to these definitions is the fact that the essence 
of one of the fundamental laws relating to energy — the 
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so-called Second Law of Energetics — is that heat energy and 
the power of doing work actually are not equivalent, but are 
sharply differentiated. The usual definition is therefore a 
source of confusion. The general definition given at the 
beginning of this section, though it furnishes a sufficient 
criterion for detecting the presence of energy in any body 
or space, is, to be sure, not definite enough to form a 
basis for the quantitative measurement of energy; further 
specifications in regard to the latter are therefore necessary. 

26. The Quantitative Measurement of Energy. — In 
order to measure quantities of energy of different forms, it 
is necessary to convert them into the same form, and com- 
pare the quantities of it so produced with some standard 
quantity of it adopted arbitrarily as a unit. Since gravita- 
tion and kinetic energies, unlike the other forms, can be 
fully expressed in terms of matter and space, or matter, 
6pace, and time, without the introduction of any new con- 
cept, it is simplest in principle to adopt a unit-quantity of 
one of these forms for the expression of quantities of 
energy in general; moreover, the pre-eminent technical 
importance of mechanical energy furnishes additional reason 
for the adoption of some form of it as a standard of refer- 
ence. Some unit of energy based upon mechanical relations 
has therefore been universally adopted as the fundamental one. 

The centimeter-gfram-second unit of energy is called the 
erg. It is most simply defined as that amount of energy 
which is equal to twice the kinetic energy possessed by a 
mass of one gram when moving with a velocity of one centi- 
meter per second. As this unit is a very small quantity, a 
unit ten million times greater, called the jouU^ is often em- 
ployed ; that is, i joule = 10^ ergs. The reason for the 
apparently irrational definition of the erg as twice the stated 
quantity of kinetic energy is a historical one, and will be 
explained in § 29. 

Units of heat energy are, however, also extensively em- 
ployed, especially by reason of the fact that other forms of 
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energy are readily and completely transformed into heat, 
so that it is the form which is in general best adapted for 
the experimental determination of quantities of energy. 
The unit of heat will be here defined as the quantity of 
heat required to raise the temperature of i gram of water 
from 17° to 18°, This unit is called the calorie at I^.S^ 
{caL)y and it is the one that will be always used in this book. 
It is to be noted, however, that usage unfortunately varies 
with respect to the temperature adopted in the definition, 
and that, therefore, the calorie used by different scientists 
varies somewhat in value (decreasing by 0.03 per cent 
per degree between 15*^ and 25®). Moreover, certain other 
heat units are in common use. Of these will be here 
mentioned only the mean caloriey which is one one-hundredth 
part of the heat required to raise the temperature of i gram 
•of water from o® to i<X)**. According to recent determi- 
nations, the mean calorie differs from the calorie at 17.5** 
by less than o. i per cent. 

The relation between the mechanical and thermal units 
is evidently of very great importance, and it has been de- 
termined with great care by several experimenters. The 
number of units of mechanical energy which correspond to 
one unit of heat energy is called the mechanical equivalent 
of heat (J). Its value in the centimeter-gram-second system 
has been foimd experimentally to be 41 840<X)0. That is, 
I calorie =4. 1 84 X 10'' ergs = 4. 1 84 joules, or approximately 
4,2 joules. 

It should be added that it is now becoming a common 
practice to express quantities of heat in joules instead of 
calories, the direct results of calorimetric measurements being 
reduced to the mechanical unit with the help of the mechan- 
ical equivalent of heat. 

The unit of activity or power in the centimeter-gram- 
second system is that involved when one erg of work is done 
per second. No name has been given to this ; for a unit ten 
million times as large is far more commonly employed. This 
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Utter unit is called the watt^ and is the rate at which work 
is done when one joule of energy is transferred or trans- 
formed per second. 

27. The Law of the Conservation of Energy, or the 
First Law of Energetics. — The essential idea involved in 
the concept of energy and throughout the above considera- 
tions relating to it is the constancy of a quantity which 
is involved in all the changes taking place in the universe ; 
and this is often explicitly expressed by the statement 
that energy is neither created nor destroyed in any process 
whatever This statement is called the Law of the Corner- 
vation of Energy or the First Law of Energetics^ the name 
Energetics being applied to that branch of science which 
treats of the general principles relating to energy. This law 
may also be stated more concretely as follows : When a 
quantity of energy disappears at any place^ a precisely, 
equal quantity of energy simultaneously appears at some other 
place or placeSy and when a quantity of energy disappears in 
anyfomty a precisely equal quantity of energy simultaneously 
appears in some other form or forms ; equal quantities of 
energy of different forms being understood to be such quan- 
tities as produce the same effect (for example, in modifying 
motion or raising temperature) when converted into the 
same form. 

This law is to be regarded as one of the most certain, as 
well as one of the most fundamental, laws of science. The 
exactness of it has been established by a considerable number 
of careful quantitative investigations made for the purpose. 
Thus, the various determinations of the mechanical equivalent 
of heat have proved that a definite quantity of mechanical 
energy, such as that possessed by a raised weight, when 
transformed into heat, always gives rise to a definite quantity 
of heat, whatever may be the process used for the transfor- 
mation ; for example, in one method a weight while gradually 
falling kept a paddle-wheel in motion which by its friction 
against the water of a calorimeter produced the heat, while 
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in another method a weight was allowed to fall freely and to 
strike upon a mass of lead, which became heated as a result 
of its compression. Such determinations have also shown 
that those quantities of electrical energy, kinetic energy, 
gravitation energy, and volume energy (of compressed gases) 
which are transformable into one another produce equal quan- 
tities of heat, thus proving that there is no change in the total 
energy when these four forms are converted into one another. 
The law is also confirmed by the correspondence of the 
conclusions drawn from it with well-established facts and 
principles. Among these may be mentioned as most im- 
portant the following principle, which is a conclusion based 
upon the failure of innumerable attempts to produce a con- 
trary result : The production of an unlimited amount of 
work by a machine or arrangement of matter which receives 
no energy from the surroundings is an impossibility. An 
ideal process like that here stated to be impossible of realiza- 
tion is sometimes called perpetual motion of the first kind. 
It is often desirable in applications of the Laws of Ener- 
getics to differentiate the energy-changes occurring within a 
definite body or group of bodies, that is, within the system 
under consideration, from the related changes which may 
simultaneously occur in the surroundings^ and to differenti- 
ate further the energy-changes in the surroundings into 
work and heat-changes, as described in § 25. Thus, the 
total energy within a definite system (not including, how- 
ever, its kinetic energy) is commonly called its internal 
energy {[/) ; and the requirement of the First Law that the 
difference (C/i — l/i) in its values after and before any change 
be equal to the quantity of heat {Q) absorbed from the sur- 
roundings diminished by the work ( JV) done by the system 
on the surroundings (called the external wcrk)^ is expressed 
by the equation: 

It is to be noted that here and always in this book Q repre- 
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sents the heat absorbed by the system^ and fFthe work pro- 
duced in the surroundings^ and therefore that the numerical 
value of Q is positive when heat is actually absorbed and 
negative when it is evolved, and that that of W is positive 
when work is done by the system upon the surroundings and 
negative when done by the surroundings upon the system. 

The value of the increase in the internal energy is 

evidently equal to the heat absorbed by the system when 

the same change in state takes place under such conditions 

that no external work is done ; that is, U%— Ux^=^ Q, when 

W^=o; and it is commonly so determined. 

Consider as an example the change consisting in the ' 
volatilization at ioo° of i gram of liquid water (whose vol- 
ume is 1.043 ccm.) to form vapor (volume, 1661 ccm.) against 
the constant pressure of one atmosphere. Since the heat 
absorbed by the system during the change (the ordinary 
heat of vaporization) is 537 cal., and the work done as the 
result of the expansion can be calculated (see § 30) to be 168 
joules, the values in the above equation become : 

C/j — C/i = (537 X 4.184) — 168 = 2082 joules. 

This last value, the increase in the energy of the water as a 
result of its vaporization, is equal to the heat that would be 
absorbed if the water were vaporized within a vessel of con- 
stant volume ; for then no external work would be done. 

Another example of quite a different kind is that of a 
chemical change which is accompanied by the production of 
electrical energy. Consider a system consisting of a silver 
plate immersed in a silver nitrate solution and a copper plate 
in a copper nitrate solution, the two solutions being in contact 
with each other, and the two plates being connected with 
wires by which the electrical energy produced is transferred 
to the surroundings ; consider further that the chemical 
change takes place which is expressed quantitatively as well 
as qualitatively by the equation : 

Cu + 2AgN03 = Cu(N08)2 + 2Ag. 
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Since this change is known to evolve 8920 cal. when taking 
place under the stated conditions (that is, so that electrical 
energy is produced), and to evolve 30040 cal. when no ex- 
ternal work is done (for example, when the plate of copper is 
placed directly in the silver nitrate solution), the equation, 
Ui—Ux=^Q — Wy becomes, (— 30040) = (— 8920) — Ej^ , 
or E^ = 2 1 1 20 cal., where E^ represents the electrical energy 
produced. 

28. The Factors of Energy in General. — Experience 
sKows that whether or not a transfer of any form of 
energy from one place to another takes place, and in which 
direction it takes place, is not determined by differences 
in the quantities of the energy in the two places. It is 
therefore necessary to ascribe to every form of energy a 
characteristic property which gives rise to this phenome- 
non of transference. This property is called the intensity 
of the energy, and is assumed to have a greater value at the 
place where the quantity of energy diminishes, and a smaller 
one at the place where it increases. Therefore, wherever a 
transference of energy takes place, a difference of intensity 
must exist. 

For example, when a small vessel of water is placed 
within a larger one, it often happens that no transfer of heat 
takes place, although the amount of heat contained in the 
larger vessel may be much greater ; while in other cases it 
will be found that heat passes from the smaller to the larger 
vessel, or the reverse, making it evident that it is not the 
quantity of heat, but some property of it, that determines 
its transference ; this property is in this case the familiar 
one called temperature. Similarly, if two reservoirs of gas 
are connected with the opposite ends of a closed cylinder 
containing a movable piston, it is found that whether or not 
motion of the piston takes place, or in which direction it 
takes place, does not depend on the quantities or the 
volumes of the two gases, or on the quantities of energy 
contained in them, but on the particular property which is 
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called pressure. Temperature and pressure are, then, the 
intensities of heat and volume energies, respectively. 

It is always found that, other things being equal, the 
quantity of energy involved in any transference of energy 
is gfreater, the greater the difference in intensity. There- 
fore, if an arbitrary scale, such as has been already described 
in the case of temperature, be adopted for the measurement 
of intensity-differences, a quantity of energy of whatsoever 
form may be regarded as the product of two numerical 
factors : one of these is the value of the intensity-difference, 
and the other is the quantity by which this must be multi- 
plied in order that the product may equal the quantity of 
energy. This latter factor is called the capacity-factor of 
the energy. Its numerical value will evidently be equal 
to the quantity of energy transferred when the intensity- 
difference is constant and equal to unity. 

Although this method of determining the factors of 
energy is, abstractly considered, the rational one, the reverse 
method is often followed, for the reason that the capacity- 
factor of some forms of energy is more familiar and more 
directly measurable than the intensity-factor. The method 
actually employed is therefore the following one. It is 
almost always possible to detect at once some one definite 
well-known property on which the magpnitude of the energy 
in question depends ; for example, the energy of a moving 
body is obviously dependent on its rate of motion or ve- 
locity, that of a suspended body on its distance above the 
earth's surface, that of a hot body on its temperature. A 
method of quantitative measurement of this property is 
agreed upon, and the property is adopted as one of the 
factors of the energy. The other factor is thereby deter- 
mined; for it is, by definition, that quantity which when 
multiplied with the value of the factor already adopted will 
produce the energy. It is generally found that one of the 
two factors is the intensity of the energy, or that property 
of it which determines its transference. If such did not 
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prove to be the case, another method of resolution into 
factors would be attempted. Examples of two possible 
methods of resolution into factors are given below in the 
cases of kinetic and gravitation energies. 

These considerations are made clearer and more defi- 
nite by the following mathematical expression of them. In 
accordance with the preceding statements, the relation 
between the quantity {E) of any form of energy and the 
values ( / and ^ ) of its intensity and capacity factors is 
expressed by the equation : 

E = ic. 

That is, the value of either factor is the ratio of the value 
of the energy to the corresponding value of its other factor. 
The differential form of this equation, 

dE = d{ic) = idc + cdi^ 

is, however, of more general applicability ; for in most cases 
it is not possible to measure the absolute quantity of a form 
of energy present in a system, although changes in its 
quantity may be readily accessible to measurement It 
follows from this equation that : 

dE = / dCf when / is constant ; and 
dE = c diy when c is constant. 

These two equations are applied in three different ways in 
determining the relation between a form of energy and its 
factors. When the energy-change of the form in question 
is capable of direct measurement, some principle is adopted 
either for the measurement of the absolute value of one of 
the factors (/ or ^), whereby the change in the value of the 
other factor {dc or di) becomes determined, or for that of 
the value of the change in one factor (flc or di\ whereby 
the absolute value of the other factor becomes determined ; 
or thirdly^ when the energy-change is not directly measur- 
able (owing perhaps to its being necessarily accompanied 
by a change in some other form of energy than that in 
question), principles are adopted for the measurement both 
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of the absolute value of one factor and of the change in 
value of the other factor. 

Numerous applications of these principles are presented 
in the following sections, in which the factors of the various 
forms of energy are considered. 

29. The Factors of Kinetic and Gravitation Ener- 
gies. Definitions of Force. — The kinetic energy of a 
body is obviously dependent on its velocity («). Measure- 
ments of the quantities of energy possessed by the same 
body when moving at diflFerent velocities (made, for ex- 
ample, by determining the rises of temperature produced 
in a definite quantity of water when the motion is destroyed 
by friction) show, however, that these quantities are not 
proportional directly to the velocity, but to its square ; the 
velocity-square is therefore one of the factors of kinetic 
energy. Kinetic energy does not depend upon this alone, 
however ; for different bodies moving with the same velocity 
are found to have different amounts of energy ; this other 
factor upon which the magnitude of the energy depends, is 
called mass (m), as already stated in § 7. Finally, it is to 
be noted that the definition adopted for the unit of energy, 
the erg, causes the introduction of the coefficient J into 
the relation between kinetic energy (Ej^) and its factors. 
These principles and definitions are expressed in the 
equation : 

It is to be noted that velocity is a quantity which 
requires for its complete definition not only the specification 
of a magnitude, but also that of a direction, which last is 
usually expressed with reference to arbitrary co-ordinate 
axes, and in such a manner that velocities in opposite direc- 
tions are represented by opposite signs. In the case of 
velocity-square, however, and therefore in that of kinetic 
energy, the factor expressing the direction is eliminated 
(Since the sign of a square is positive, whatever be the sign 
of the quantity). Now, since bodies change their relative 
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positions when they possess velocities differing either in 
magnitude or direction, it is evident that velocity, and not 
velocity-square, is to be regarded as the intensity-factor of 
kinetic energy. Its capacity-factor then becomes the prod- 
uct of the mass into the velocity {jnti)^ which product is 
commonly called momentum. This method of resolution is 
expressed by the equation, Ej^ = \{jn u) u. These consider- 
ations illustrate the fact that the more obvious method of 
resolving an energy-quantity (that iSrst presented in this 
case) may not yield a factor which has the characteristics of 
an intensity-factor. They also illustrate the application of 
the general equation, E = ic, to the determination of the 
relation of a form of energy to its factors, it being known in 
this case that i is equal to «, for the measurement of which 
units were described in § 5, and that E = ^ mu\ whereby 
c becomes determined. 

The most obvious and simple factor on which the quan- 
tity of gravitation energy depends, is the distance between 
the bodies possessing it. Newton's Law of Gravitation, 
when expressed in terms of energy instead of force, shows, 
however, that the gravitation energy (E^ possessed by two 
bodies is not directly proportional to the distance (/) be- 
tween them, but that it varies with the distance in the way 
expressed by the following equations : 

dEo = mW,d(^-^^='^^d/, 



^Gt — -^Gi — ^\'>n\ f "^ ■" 7" )i 



where m!x and m!^ are constants depending solely on the two 
bodies ; and where Eq and Eq are the quantities of gravita- 
tion energy possessed by them when at the distances /i and 4, 
respectively. It is evident now that, if the function of the 
distance (-i) were adopted as one factor of the energy, 
the product of the quantities m\ and in\ would be the other 
factor. These quantities are a permanent property of the 
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individual bodies, entirely independent of their variable 
properties, and also of the distance between them ; it is this 
property which was called in § 7 the capacity of bodies for 
gravitation energy. By Newton's Law of Gravitation these 
quantities fn\ and m\ are, as stated in § 7, strictly pro- 
portional to the masses nti and tk^ of the bodies ; that is, 
m\ fn\ =y Ml fHt, where / is the so-called gravitation- 
constant. 

This method of resolution of gravitation energy into 
factors is of importance in its relation to the concept of 
matter ; for it shows very clearly that the property expressed 
by the quantities m'l and m'^ derived from a consideration of 
the gravitation energy of bodies is just as fundamental a 
one as that of mass, which is derived by an entirely similar 
consideration of their kinetic energy. From the energy 
point of view this method of resolution is not satisfactory, 
however; for neither of the factors has the character of 
an intensity, since neither the distance between the bodies, 
nor any inherent property of the bodies themselves, alone 
determines the degree of their tendency to approach one 
another, which is found to be dependent 6oiA on the bodies 
themselves and the distance between them. It is found, 
however, that, if the distance itself, instead of any function 
of it, is adopted as one of the factors of the energy, then 
the quantity by which this must be multiplied to produce 
the energy does have the characteristics of an intensity- 
factor. This quantity is called force, — a term, however, 
which is not only used to designate the intensity-factor of 
the gravitation energy possessed by two bodies, but is also 
employed, in a manner to be now described, in a much more 
general sense and with reference to other forms of distance 
energy. 

Whenever in displacing a body through a distance (dl) 
in any direction, an increase in its distance energy (dE^) 
takes place (whereby, of course, an equivalent quantity of 
work must be done upon it), 3, force (F) is said to be acting 
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lipon the body in the opposite direction, and its magnitude 
is defined to be equal to the ratio of the change in distance 
energy to the change in distance; that is, F^=^ dEiJ dl. 
A negative value of dEiy that is, an energy-decrease, 
signifies a force acting in the direction of the body's dis- 
placement. 

Employing this concept of force, changes in distance 
energy are expressed in a most general manner by the 
equations : 

dEi = Fdl, and Ei^ — Ei^=^j Fdl, 

The last equation becomes, Ei^ — Ei^ = F (/, — A), when 
the force is constant throughout the distance traversed 

This method of resolving distance energy into factors 
and of defining force is evidently an application of the gen- 
eral equation, i = dE /dc, to a case where the quantities dE 
and dc have been first independently defined. 

It follows from this definition of force and the induc- 
tively established laws of gravitation, which, as above stated, 
are expressed by the equations : 

that for the force of gravitation, F^ , the following relation 
holds true : 

where j is the gravitation-constant. This last equation is 
evidently the mathematical expression of the laws of gravi- 
tation in the form in which they were stated by Newton. 
Since distance energy is completely transformed into 
kinetic energy with great readiness, as in the case of a body 
falling towards the earth, a secondary definition of force can 
be based on the relation between these two forms of energy. 
This is derived immediately from the Law of the Conser- 
vation of Energy, which requires that a decrease in the 
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quantity of the one form of energy be accompanied by an 
equal increase in the quantity of the other form, provided, 
of course, no third form of energy is produced ; that is : 

Fdl =^ dQ^ mu*) = mu du, 

ivhere F represents a force which, in acting upon a body of 
mass m moving with a velocity u, in the direction of its 
motion for the time dr, during which it traverses the distance 
^/, produces an increase in its velocity du. From this equa- 
tion it follows, 3ince u = d// dr and a = du / dr (^ 5), that 

dr 

that is, force is measured by the product of the mass of a 
body into the acceleration which the force produces in 
its motion. 

This last definition is the one originally adopted for 
force before the development of the doctrine of energy, 
and it is still retained as a primary one in most works on 
physics, energy being subsequently defined as the power 
of doing work, which in turn is defined in terms of force 
and distance. This procedure is liable to lead to a confu- 
sion of the fundamental with the derived concept; and it is 
therefore necessary to emphasize the relation and distinction 
between energy and force. Energy is the ultimate cause 
which produces the tendency in bodies to approach or re- 
cede from one another, just as it produces the tendency to 
all other changes ; force is the characteristic which energy 
manifests when it tends to cause bodies to approach or recede 
from one another. Energy is an indestructible quantity; 
force is a changeable quality of energy, sometimes exhibited 
by it and sometimes not. 

In accordance with the last equation, the value of the 
force Ff, acting between the earth and a body of mass w, 
which force is called the force of gravity^ is given by the 
equation, F^, = mgy in which g represents the acceleration 
of its motion which the body experiences when falling 
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towards the earth uninfluenced by any other cause than the 
force of gravity itself. The value of g' is independent of 
the mass of the falling body, but varies somewhat with its 
position. 

The fundamental unit employed for the measurement 
of force is called the dyne ; it is the force which is actings 
continuously upon a body when an increase or decrease of 
one erg in its distance energy takes place for each centi^ 
meter of distance traversed; or, in accordance with the 
secondary definition of force, it is the force which when 
exerted on a mass of one gram for one second causes its 
velocity to be increased by the amount of one centimeter 
per second. Since the increase of velocity that takes place 
each second in the downward motion of a freely falling body 
at any place is g centimeters per second, the dyne is evi- 
dently one ^-th part of the force with which, at that place, 
a mass of one gram tends to approach the earth. This last 
force is known as a force of one grant in the so-called 
Gravitational System of Units. For exact scientific pur- 
poses this system is an unsatisfactory one, since th£ value 
of the unit of force is different at different places upon the 
earth ; it will therefore not be employed in this book. It is 
important to note, however, that the value of a force 
expressed in grams at any place is converted into the value 
of it in dynes by multiplying by the value of g at that place ; 
also, that the value of g at the sea-level in a latitude of 
45® is 980.7, or approximately 980, using as units the cen- 
timeter and second, and that variations of altitude not ex- 
ceeding 3000 meters and of latitude not exceeding 10° 
affect this value by less than o.i per cent. 

The definition of the unit of energy, the erg, was 
originally based on that of the unit of force, the dyne ; the 
latter having been first defined in accordance with the 
equation, /^= m ^, and the former then becoming determined 
by the equation, dE = FdL This method of definition 
makes the kinetic energy expressed in ergs equal to one-half 
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the value of the product m u\ as is shown by the series of 
relations : 

^ dr 

whence it follows, by integrating under the assumption that 
£*^ = o when « = o, that Ej^ = ^mu\ If then the unit 
of energy is to be defined in terms of kinetic energy, and is 
to have the same magnitude as when defined in terms of 
force in the manner just described, it must, as was done in 
§ 26, be defined as twice the energy possessed by a mass of 
one gram when moving with a velocity of one centimeter 
per second; for it follows from the last equation that 
Ej^ = ^ when m =^ i and « = i. 

30. The Factors of Surface, Volume, and Elastic 
Energies. — Since changes in cohesion and disgregation ener- 
gies, the forms of energy which are associated with the 
particles of bodies, can not as a rule be separately measured, 
attention will be here confined to the relation between the 
external changes in bodies, that is, between the changes in 
their surface, volume, and form, and the energy-changes that 
may be thereby produced in the surroundings. In accordance 
herewith, it is convenient, as stated in § 25, to employ the 
terms surface, volume, and elastic energies, to designate the 
powers of doing external work which bodies possess in virtue 
of their tendency to undergo changes in surface, volume, and 
form, respectively. These energies are therefore measured 
by placing the changes in them accompanying a definite 
change of surface, volume, or form, equal to the maximum 
quantity of external work which the change can produce. 
This quantity of work is, moreover, usually determined by first 
measuring the force that must be externally applied to the 
body, in order to compensate the internal force outwardly 
manifested by it and thus prevent the change from taking 
place, and then multiplying this external force by the distance 
through which it is displaced. 

It is evident, when a definite change in surface, volume, 
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or form takes place under this condition of substantially com- 
pensated external and internal forces, that the maximum 
amount of work is obtained from the change : for, if the ex- 
ternal force applied were not less in value by at least an 
infinitesimal amount than the internal force, the change could 
not take place; if, on the other hand, it were less by a 
finite amount, the external force displaced, and there- 
fore the work done, would be less than it might be. 
A similar consideration will show that this maximum quan- 
tity of work is substantially identical with the minimum 
quantity of work by the expenditure of which the reverse 
change in the surface, volume, or form of the body can be 
brought about. 

It will be clear from these statements that a decrease 
in the surface, volume, or elastic energy of a system is not 
necessarily accompanied by the production of an equivalent 
quantity of work, or indeed of any quantity of work, in the 
surroundings, since the internal force may be entirely uncom- 
pensated, as in the expansion of a gas into a vacuum, or the 
release of a stretched spring. It is true, moreover, that the 
decrease in the quantities of these energies, except in the 
case in which the maximum amount of external work is done, 
is in general not accompanied by an equivalent increase in the 
quantity of any form of energy, the deficit of work not being 
compensated by a corresponding production of heat : thus, it 
will be seen later that in the expansion of a perfect gas into a 
vacuum, there is not only no production of work, but also 
none of heat ; yet the volume energy of the gas, or its power 
of doing external work in virtue of its tendency to undergo 
volume-changes, has obviously decreased* This apparent 
contradiction with the First Law of Energetics disappears 
when it is recognized that quantities of Surface, volume, or 
•elastic energies do not have the same significance as do 
quantities of one of th& forms of energy, such as kinetic, 
gravitation, or cohesion energy, whose disappearance is 
necessarily attended by the appearance of an equivalent 
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quantity of some other form of energy ; for quantities of the 
first-named energies are defined to be those portions of the 
total internal energy of bodies which represent the power of 
producing external work when changes in the surface, volume, 
or form of the bodies take place ; and a decrease in this 
specific power in the body is not necessarily accompanied by 
a corresponding decrease in its power of producing those 
other effects which are a measure of its total internal energy. 
This distinction will become clearer in connection with the 
discussion of the Second Law of Energetics. 

As has been already stated, the surfaces of liquids tend 
to diminish in extent and are capable of doing work in virtue 
of this tendency; they possess, therefore, surface energy. 
Changes in the quantity of this energy are readily measured 
in the case where a surface changes in extent in one direction 
only. Consider, for example, that a surface having the length 
l^ in one direction, and the length i^ in a direction at right 
angles to the first, is increased in its extent in the latter direc- 
tion by an amount dlyy and that the external force Fi acting in 
this direction must be applied to the line /^ at right angles to 
it, in order to compensate the internal surface-force F^ acting 
upon that line in the opposite direction, and to cause the ex- 
tension of surface to take place. The surface-force acting upon 
the unit of length, which force is called the surface-tension 7, 
is then F^ j l^; and the change of surface ds is /^ dly. The 
work ( — dW) done upon the surface, or the increase in the 
surface energy dEt, is then given by the equations : 

— dW=dE,=Fi dly = F, dly = ri 4 dly = 7 ds,' 

that is, it is equal* to the product of the surface-tension into 
the increase of surface produced. 

This resolution of surface energy into factors is an appli- 
cation of the equation dE = idc to a case where i and dc are 
first determined, the energy-change being defined to be equal 
to their product. 

A concrete illustration involving the principle of one of 
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the common methods by which surface-tension is experimen- 
tally determined will serve to make clearer its nature and the 
preceding considerations in regard to it. Consider, as is 
represented in Figure 2, a cylindrical tube of small diameter 
to be placed in a vertical position with its lower end dipping 
into a liquid contained in a larger vessel, the inner walls of 
the tube having been previously wet with the same liquid. 
As a result of the tendency of the liquid's surface to de- 
crease, the liquid rises in the tube ; for thereby the free 
surface of the liquid layer adhering to the walls is caused 
to' disappear up to the height to which the liquid rises. The 
liquid column will evidently continue 
to rise until the constant surface-force 
which is raising it is exactly compen- 
sated by the force of gravity acting 
downward upon the raised weight of 
liquid. Let the radius of the tube be 
r and the height to which the column 
finally rises be A / let also, as usual, the 
mass, volume, and density of the raised 
column of liquid be w, 2;, and Z>, and 
the acceleration due to gravity be g. 
Then the surface-force F^ is expressed 
by the equation : 

since the line / upon which the surface-force is acting is the 
inner circumference (2 tt r) of the tube. Moreover, the force 
of gravity F^, acting upon the raised liquid has the value : 

Fq = ing'==^ V Dg'=^ir t^ h Dg^ 

since irr^h\% the volume of a cylinder of radius r and height 
h. Therefore, when F, = F^, 

ri = \grhD. 

Hence, by measuring the density of a liquid and the height 
to which it rises in a tube of known radius, its surface-tension 
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can be determined. This height is evidently directly propor- 
tional to the surface-tension of the liquid, and inversely 
proportional to its density and to the radius of the tube. By 
reason of this last fact, it is only in capillary tubes that con- 
siderable rises are observed. 

In the general case, in which a surface increases in 
extent in any number of directions, it is still true that dE^ = 
^ds. For then the surface-change dsy represented in Fig- 
ure 3 by the area between the outer and inner curves, can 
be considered equal to the sum of a very large number of in- 
finitesimal surface-changes of the next higher order, each of 
which is the product of a line of infinitesimal length dl^^ by 

the distance dl^ through which it is 
displaced; that is, /3Ef = 2 (<//, ^^)- 
If now the force acting on the line 
dljg is dFg , the energy-change when 
the line is displaced through the dis- 
tance dly is evidently ( dF^ dl^ ), and 
the total energy-change dE, corre- 
sponding to the total surface-change ds 
is the sum of these elementary energy- 
FIG 3. changes ; that is, dE, = ^{dF, dl, ). 

Since the surface-tension, the force 
acting on a line of unit-length, is known to have the same 
value in all directions within the surface, it is evidently true 
for each force-element that VF, = 7^/4, where 7 is constant. 
It follows, therefore, that : 

dE, = 2 (7^4 rf/,) = 7 2 (dl^ dly) = ^ds. 

It is found, experimentally, that the surface-tension varies 
greatly with the chemical nature of the liquid, and that it 
decreases rapidly with rise of temperature, but that it is not 
affected by variations in the extent of the surface. In view 
of this last fact, when the temperature is constant, the equa- 
tion dE, =^^ds can be integrated, regarding 7 as constant, 
with the result : 
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where s^ and Sx represent two different extents of surface, and 
E,^ and E,^^ the corresponding values of the surface energy. 

Since surface-tension is defined to be the surface-force 
exerted upon a line of unit-length, it is measured in the 
centimeter-gram-second system in dynes per centimeter. 

Volume energy is possessed by bodies in all three states 
of aggregation, but the term is applied to the energy of solid 
bodies only when it is manifested equally in all directions ; in 
other cases the term elastic energy is used. Volume energy 
is exhibited in a variety of phenomena, and many of these 
are of great physical and chemical impor- 
tance. As examples of changes by which 
external work is done as a result of a 
change of volume may be mentioned the 
expansion of a gas when the external pres- 
sure upon it is sufficiently reduced, the pro- 
duction of a volume of gas by a chemical 
reaction against the atmospheric pressure, 
and the vaporization of a liquid imder its 
constant vapor-pressure. In all such cases 
the decrease of the volume energy of the 
body is by definition equivalent to the maximum amount 
of work that can be obtained when the change in volume 
takes place. 

Changes in the quantity of volume energy are most 
readily calculated in the case where the volume undergoes a 
change in dimensions in one direction only. Suppose, as is 
represented in Figure 4, that a liquid or gaseous substance 
contained in a cylinder is enclosed by a movable piston of 
cross-section j, and that a force F^ is exerted upon this piston, 
for example, by a weight placed upon it, just sufficient to com- 
I)ensate the expansive force F„ of the body and prevent its 
expansion. Suppose now that the external force be reduced 
by an infinitesimal amount and that the piston rises through 
a distance dl. The increase of volume dv is then s dl^ and 
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the expansive force acting upon the unit of surface, which 
force is called pressure /, is F^j s. The work dW done by 
the body, or the decrease in its volume energy ( — dE„)^ is 
therefore given by the equations : 

dW= — dE„ = Fidl=F„dl=psdl=pdv; 

that is, it is equal to the product of the pressure into the 
infinitesimal increase of volume that takes place. 

In the general case in which the volume increases in 
dimensions in any number of directions, it is still true that 
— dE„ =/ dv. This may be demonstrated by a proof analo- 
gous in every respect to that by which the equation dE^ =y ds 
was shown to be an entirely general one : for in this case 
the volume-cTiange dv can be considered equal to the sum of 
a large number of infinitesimal volume-changes of the next 
higher order, each of which is the product of a surface of in- 
finitesimal area ds into the distance d/ through which it is 
displaced; and, in the analogous calculation of the accom- 
panying energy-change, the pressure, like the surface-tension, 
may be considered to have the same value in all directions. 

The general expression for the decrease in volume energy 
E„ of a body that undergoes a change of volume from Vi to v^, 
or the maximum amount of work IV that can be done by it, 
is therefore : 



w=^E„--E„=rpdv. 



If the pressure is constant during the change of volume, this 
equation becomes : 

W= E^ — E„^ =p (Vi — vi). 

If, however, the pressure varies, as is frequently the case, it 
is evidently necessary to know the functional relation between 
pressure and volume before the integration can be carried out. 
This will be illustrated in the later paragraphs of this sec- 
tion, in which some applications of the general equation are 
presented. 
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In the centimeter-gram-second system pressure is ex- 
pressed in dynes per square centimeter. Other units that 
may be employed for its measurement, the gram per square 
centimeter, the height in centimeters of a compensating mer- 
cury column at o°, and the atmosphere, have been referred to 
above. Since the density of mercury at o® is 13.596 (almost 
exactly 13.6), a column of it one centimeter in height exerts 
a pressure of 13.596 grams per square centimeter; and at 
the sea-level in latitude 45®, where the value of g is 980.7, 
this is equal to a pressure of 980.7 X 13.596 or 13333 dynes 
per square centimeter. One atmosphere, which is by defini- 
tion equal to a pressure of 76 cm. of mercury, is therefore 
equal to 76 X 13333 or i 013 300 dynes. 

The most important cases in which a change of volume 
takes place under a constant external pressure are those in 
which a pure liquid or solid substance vaporizes at a constant 
temperature against an external pressure made substantially 
equal to its vapor pressure, and those in which a system 
expands against the prevailing atmospheric pressure, owing 
either to a rise in its temperature or to the occurrence of some 
chemical reaction within it ; or those in which a reversal of 
these changes takes place. In such cases the work done or 
the decrease of volume energy is found by substituting in the 
expression/ (z/2 — ^'1) the values of the constant pressure and 
of the final and initial volumes of the system. The case 
where the change consists in the production of a gas from 
liquid or solid substances deserves, however, special consider- 
ation. If the volume of the gas produced be v and the final 
and initial volumes of the non-gaseous part of the system be 
Fa and Fi, the work done, 

PF=/(z;+ Fa— Fi). 

If the pressure is small, the change in volume of the non- 
gaseous part of the system can be neglected without giving 
rise to any considerable error in the calculated amount of 
work ; for this volume-change is then very small in compari- 
son with the volume of the gas produced. In this case. 
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W= pv — NRT, 

where iVis the number of mols of gas produced. It is thus 
seen that the work done is the same for one mol of any gas, 
is independent of its pressure or volume, and is proportional 
to the absolute temperature. ^ 

In order to calculate by this equation the numerical value 
of the work done, it is necessary to know that of the gas- 
constant R expressed in ergs, joules, or calories. Its value 
was shown in § 24 to be 0.0820 when the pressure is expressed 
in atmospheres and the volume in liters : since one atmos- 
phere is equal to i 013 300 dynes and one liter to 1000 ccm., 
it follows that : 

R = 0.0820 X I 013 300 X 1000 = 8.31 X 10^ ergs = 
8.31 joules = (8.31 / 4.184) cal. = 1.986 cal. 

Therefore, the numerical value of the work done is in general : 

pr=8.3i X 10^ iV^ r ergs = 8.3 1 iV r joules = 1.986 iV real. 

It is convenient to remember that the value of the work done 
is very nearly 2 T calories for each mol of gas produced. If 
a gas condenses to a liquid, or is absorbed by a reacting 
mixture, the work done has, of course, the same numerical 
value, but a negative sign. — The magnitude of the error 
caused by neglecting the change in volume of the liquid may 
be illustrated. One gram of water at 100*^ has in the liquid 
state a volume of 1.043 ccm., and in the form of saturated 
vapor (at one atmosphere's pressure) a volume of 166 1 ccm. 
The former volume is thus only 0.06 per cent, of the latter. 
Since the volume of liquids is but slightly affected by pres- 
sure, while that of gases is nearly inversely proportional to 
it, the error in neglecting the former volume increases or 
decreases nearly proportionally with the increase or decrease 
of pressure. 

A very important case of expansion in which the pres- 
sure is variable is that in which the temperature of a quantity 
of a gas remains constant, and its volume is varied (from Vx to 
z/a). The pressure of the gas, assuming that its value is not 
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too great, then varies continuously (from /i to p%) in accord- 
ance with Boyle's Law, and has for any volume v the value 
p = NR Tj V, If now the pressure of the gas is compen- 
sated by an externally applied pressure kept always substan- 
tially equal to its own, the work done, 

or, since by Boyle's Law, f2/vi=/i//2> 

W=NRT\ogJl. 

A 

Substituting as before the appropriate numerical value of 
R^ an expression for the work done in ergs, joules, or, calories 
is obtained. For use in numerical computations the expres- 
sion may be further simplified by multiplying the value of R ;,?t '' 
by 2.303 and substituting ordinary for natural logarithms, ► "^ > "^^ "^ 
since in general, logio[ ] = 2.803 log[ ]. For example, in ^"^^-^^ 
order to calculate the work done in joules when one gram of 
oxygen at 20** and a pressure of three atmospheres expands 
against an external pressure constantly kept substantially 
equal to its own until its pressure becomes one atmosphere, 
we place in the last equation, N=' w / Af = i / 32 ; .ff = 8.3 1 ; 
T= 273 4- 20 ; and log (/i //j) = log 3 = 2.303 logio3 = 2. 303 
X 0.4771 ; whereby we obtain PF= 83.6 joules. If in this 
example the words " one liter of any gas " were substituted 
for " one gram of oxygen," the problem would be most readily 
solved by putting NR T^=^ pvy substituting for / its value 
in dynes (3 X i 013 300) and for v its value in cubic centi- 
meters (1000), multiplying the result by log 3 as before, and 
reducing to joules by dividing by 10''. 

One other case of expansion at constant temperature 
under a variable pressure, that of a liquid which has been 
compressed by the application of external force, will be briefly 
considered. Such a liquid is found to exert a pressure which 
is approximately proportional to the fractional decrease in 
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its volume already produced ; that is, / = 5^ZI — , where 

Vq is the volume of the liquid when under no pressure, V its 
volume when under the pressure /, and k \s k quantity, de- 
fined by this equation and known as the compression-coefficient ^ 
which is nearly constant for moderate changes of pressure, 
but variable with the chemical nature of the substance and 
the temperature. By substituting this value of / in the gen- 
eral equation, dW^pdVy and integrating, the work corre- 
sponding to any definite volume-change is determined. It is 
customary, it may be added, to use the atmosphere as the 
unit of pressure in stating the numerical value of the com- 
pression-coefficient. 

The simplest case of elastic energy, and the only one 
'that will be here referred to, is that shown by a bar of uniform 
cross-section which is stretched or compressed by the applica- 
tion of forces at its ends ; for example, that shown by a metal 
wire fastened at its upper end and supporting at its lower end 
a heavy weight. In such a case, which is analogous to that 
in which surface energy causes a decrease of surface in only one 
direction, the increase in elastic energy dEe is to be regarded 
as the product of a force, called the elastic force Fey into the 
increase in length dl. That is, dEe = Fe dl. The elastic force 
tending to cause the bar or wire to become shorter is measured 
by the external force that must be applied in order to com- 
pensate this tendency. Its value is found to be proportional 
to the ratio of the increase in length / — /© that the external 
force has already produced in the bar to its original length 4, 
inversely proportional to the cross-section s of the bar, and 
variable with the chemical nature and physical condition of 
the substance composing it. The stated proportionality holds 
true, however, only when the fractional increase in length has 
not exceeded a certain value known as the elastic limit. 
These laws of the elastic force developed under the conditions 

stated are expressed by the equation, Fe = e s — —J?, where e 
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is a quantity, known as the modulus of elasticity ^ constant 
with reference to variations in the length and cross-section of 
the bar, but varying with its chemical composition and physical 
condition, and fully defined by the equation itself. By substi- 
tuting this value of Fe in the preceding differential equation, 
and integrating, the decrease in elastic energy, or the maxi- 
mum work that can be obtained, when a definite change in 
the length of the bar takes place, is determined. 

31. Electricity and Magnetism. Coulomb's Law. 
Electric Currents. — Just as the manifestations of gravita- 
tion and kinetic energies lead us to assign to bodies con- 
stant inherent properties which express their capacity for 
those energies, and to conceive an entity, matter, which gives 
rise to those properties (§ 7), so the phenomena connected 
with electrical and magnetic energies lead to the conclusion 
that the bodies manifesting them have temporarily acquired 
a definite property upon which in part depends the quantities 
of these energies which the bodies possess, and lead further to 
the conception of quantities, called electricity and magnetism, 
which by their temporary association with matter give rise 
to this property in bodies. Hence, these concepts have a 
fundamental relation to electrical and magnetic energies 
similar to that which matter has to gravitation and kinetic 
energies. Therefore, the important principles relating to 
them will be first considered. 

When a piece of glass and a piece of resin are rubbed 
or pressed together and are then separated, they are found 
to have acquired the property of attracting each other. 
When another piece of glass and another piece of resin 
are rubbed and separated, it is found that the two* pieces of 
glass or the two pieces of resin repel each other, and that 
either piece of glass attracts either piece of resin. When, 
moreover, two other bodies of different natures are rubbed 
and separated, it is often found that they attract each 
other, and that then one of them always possesses the prop- 
erty of attracting a piece of glass and repelling one of resin 



100 GENERAL PRINCIPLES OF PHYSICAL SCIENCE. 

which have been previously rubbed together, and that the 
other body possesses the opposite property. The degree of 
the attraction or repulsion is also found, in general, to be 
different in the case of the different bodies. It is evident, 
then, that they have acquired distance energy with respect 
to one another, and that each of them separately has acquired 
a property which in part determines what energy it possesses 
with reference to any one of the other bodies, and, further, 
that this property not only varies in magnitude, but is, in 
the different cases, of two opposite kinds with respect to the 
direction of the effects corresponding to it. Hence, in order 
to express the existence and directional character of this 
property in bodies, it is assumed that there are two kinds 
of electricity y called positive and negative electricities ; and 
those bodies which have acquired the property of attracting 
each other are said to be electrified or charged with the 
opposite kinds of electricity, and those which repel each 
other, with the same kind of electricity. It is further agreed, 
entirely arbitrarily, to designate the electricity upon glass 
which has been rubbed with resin as positive electricity ^ and 
that upon the resin as negative electricity ^ and to designate 
all other charges of electricity, in whatever manner produced, 
as positive or negative, according as they repel or attract the 
charge upon the glass, or attract or repel the charge upon 
the resin. 

It is agreed, moreover, to measure quantities of elec- 
tricity by placing them proportional to the forces of attrac- 
tion or repulsion which indefinitely small bodies charged with 
them exert upon one another when the bodies are at a defi- 
nite distance and are separated by a definite medium. And 
correspondingly, the C, G, 5. electrostatic unit of electricity 
is defined to be that quantity of electricity which, when 
placed in air under the normal conditions at a distance of 
one centimeter from an equal quantity of the same kind 
of electricity, repels it with a force of one dyne. 

Of the important principles in regard to quantities of 
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electricity the following one may be first stated : The appear- 
ance of a quantity of one kind of electricity at any place is 
always accompanied by the appearance of an equal quantity 
of the other kind of electricity at some other place. If, as is 
customary, quantities of positive and negative electricities are 
considered to be positive and negative numerical quantities, 
respectively, this principle can ^Iso be stated as follows : 
The algebraic sum of all quantities of electricity developed 
by any process whatever is equal to zero. This law may 
be demonstrated by experiments like the following: if two 
disks, one of sealing-wax and one covered with flannel, be 
rubbed together, and either of them be then separately in- 
serted within a hollow metal vessel connected with a gold^ 
leaf* electroscope, it is found that the gold leaves diverge, 
owing to their electrification by the effect known as induc- 
tion ; if, however, both of the disks be simultaneously inserted 
within the vessel, it is found that no divergence takes place,, 
showing that the effects of the opposite electricities on the 
two disks just neutralize each other, and therefore that 
the quantities of them are equal. 

Another fundamental principle in regard to quantities 
of electricity is that relating to their attraction and repulsion. 
This may be stated as follows : Every elementary quantity 
of electricity repels every other such quantity of the same 
kindy and attracts every other such quantity of the opposite 
kindy with a force varying directly as the product of those 
quantitieSy inversely as the square of the distance between 
themy and specifically with the nature of the dielectric. 
The term elem^entary quantity of electricity is here used to 
express an infinitesimal quantity of electricity, or any quan- 
tity of it that can be regarded as located at a point. The 
term dielectric is the one commonly employed to designate 
the non-conducting medium separating the two quantities of 
electricity. The first portion of this statement, which asserts 
proportionality between the force of attraction or repulsion 
and the quantities of electricity, is obviously only a converse 
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expression of the above-given definition of these quantities. 
That portion of it which has reference to the influence of dis- 
tance has been established by experimental investigations, and 
is known from its discoverer as Coulomb* s Law. 

These principles are expressed by the equation : 

where Fj^ is the force of attraction between two quantities 
of electricity, Ci and q„ located at points at a distance / from 
each other, and a: is a positive quantity, known as the 
dielectric constant^ which is constant with reference to 
variations of <?i, ft, and /, but variable in a high degree with 
the nature of the dielectric. (Thus, its value is 80 times as 
great for water at 18° as it is for air.) In this expression 
the numerical values of q^ and Q% are to be taken positive or 
negative according as they represent quantities of positive 
or negative electricity : that of F^ then becomes positive or 
negative according as those of ft and ft have unlike or like 
signs, a negative value of F^ evidently signifying a repulsion. 
The increase in distance energy dE^ accompanying an 
increase in distance dl between two elementary quantities 
of electricity is therefore expressed by the equations : 

The close analogy between these expressions and those 
for gravitational force and energy (§ 29) is apparent. The 
quantities ft, ft, evidently have 'to electrical distance energy 
on the one hand, and to the concept of electricity on the 
other, a relation entirely similar to that which the quantities 
w'l, m\i have to gravitation energy and to the concept of 
matter. 

Coulomb's Law was originally derived and verified by 
measuring the forces of attraction and repulsion between 
two small electrified bodies by means of the so-called torsion- 
balance, in which a gilded pith-ball, attached at the end 
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of a light horizontal arm that is suspended at its center 
by a vertical wire, is electrified and placed at varying dis- 
tances from a small electrified metal sphere fixed in position ; 
the relative values of the electrical force being measured by 
noting the angle through which the top of the wire must be 
turned, in order that its torsion may just compensate the 
tendency of the two bodies to approach or recede from each 
other. The attraction or repulsion of electrified bodies whose 
dimensions are considerable in comparison with the distance 
between them cannot, however, be so simply expressed, not 
only because the charges, not being located at definite points, 
are not at any one definite distance from each other, but also 
because, by reason of the phenomenon of electrical induction, 
the charges mutually influence the distribution of each other 
upon the surfaces of the bodies, so that the elementary quan- 
tities of electricity located at definite points are not the same 
when the bodies are near each other as they are when the 
bodies are so distant that no appreciable inductive effect is 
exerted. 

The above-stated law relating to the attraction and 
repulsion of elementary quantities of electricity also deter- 
mines the distribution of electricity upon bodies ; thus, the 
principles that it resides entirely upon their surfaces and in 
greatest quantity upon those parts where the curvature of the 
surface is greatest, are consequences of it. Conversely, 
from the distribution as experimentally determined the law 
itself has been mathematically derived; and it is in this 
way that its exactness has been most rigidly demonstrated. 

In closing the consideration of statical charges of elec- 
tricity, a few terms in conmion use may be defined. The 
quantity of electricity on the unit of surface is called the 
surface-density of the charge. The space surrounding an 
electric charge and in such proximity to it that an appreciable 
effect would be exerted upon an electrified body that might 
be placed there, is called an electric field. The force that 
would be exerted at any point of an electric field upon a unit- 
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-charge of positive electricity considered to be placed there 
without itself influencing the field, is called the intensity or 
strength of field at that point. The lines in an electric field 
which represent the direction in which such a charge would 
tend to move are called lines of force. By a pure convention 
it is agreed to consider to be drawn through any section 
of the field of unit-area that is at right angles to the lines of 
force a number of lines equal to the intensity of field in that 
section ; and intensity of field is often numerically expressed 
by stating the number of lines of force per square centimeter^ 
in correspondence with this convention. 

Some important principles relating to magnetism will be 
next presented. When two bars of steel are separately sub- 
jected to certain influences — for example, when they are 
systematically rubbed with a lode-stone or placed within a 
iielical coil of wire through which an electric current is pass- 
ing — the corresponding ends of the two bars are found to 
xepel each other and the opposite ends to attract each other 
with forces varying within certain limits with the influence to 
which they have been subjected. Such steel bars, and other 
bodies whose opposite parts possess the property of attracting 
and repelling the ends of such bars, are said to be magnet- 
ized; and it is conceived that upon the ends are present 
<[uantities of two opposite kinds of magnetism. The points 
at which the resultants of the attracting and repelling forces 
act, and at which the magnetism may be assumed to be 
located, are called the magnetic poles. When a magnetized 
bar or needle is suspended at its middle point so as to swing 
freely in a horizontal plane, it is found that it sets so as to 
point nearly north and south. That pole that turns towards 
the north is called the north pole of the magnet ; that towards 
the south, the south pole : and the magnetism in a north pole 
is called north or positive magnetism ; that in a south pole, 
south or negative magnetism.. 

The principles stated above in regard to the measure- 
ment and the attraction and repulsion of quantities of elec- 
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tricity, and in regard to the simultaneous development of 
opposite kinds of it, all apply to quantities of magnetism ; it 
being only necessary in the statements of them to substitute 
the word magnetism for the word electricity. To the state- 
ment of the last-mentioned principle may be added the limita- 
tion that the equal quantities of the two kinds of magnetism 
are always developed in different parts of the same continu- 
ous body ; that is, no body ever contains an excess of either 
kind of magnetism : thus, in this respect, magnetism differs 
from electricity. The absolute unit of magnetism, defined in 
complete analogy with the unit of electricity, has no specific 
name, but is known as the C G, 5. unit of magnetism. The 
constant determined by the nature of the intervening medium, 
occurring in the expression of Coulomb's Law, is, in the case 
of magnetism, known as the magnetic permeability ; its value 
for air under the normal conditions, like that of the dielectric 
constant, is by definition unity. The terms fields intensity 
or strength of fields and lines of force are used in the same 
sense in connection with magnetism as in connection with 
electricity ; the word magnetic or electric being added when 
it is necessary to discriminate. One other term in very 
common use may also be here defined; this is the term 
strength of pole ^ which is used as the equivalent of the ex- 
pression quantity of magnetism in the pole. 

Although electricity and magnetism have many charac- 
teristics in common, it is to be noted that stationary charges 
of electricity exert no attraction or repulsion on magnetic 
poles. They differ from one another also in that electricity 
is capable of flowing under suitable conditions from one body 
to another, while magnetism is not. This flow of electricity 
will be next considered. 

If two electrified bodies are* connected by a wire, in 
general a momentary flow of electricity takes place from one 
body to the other, as is shown by the redistribution of the 
electricity upon the two bodies. If new quantities of elec- 
tricity are continuously imparted to the one body and removed 
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from the other body, for example, by connecting them with 
the terminals of an electrical machine, or, better, with those 
of a voltaic cell, the connecting wire acquires certain new 
properties, and is said to be traversed by a current of elec- 
tricity or an electric current. One of these properties of the 
wire is that of exerting upon a magnetic pole a force tending 
to move it in a direction at right angles to the plane embrac- 
ing the wire and the pole ; and it is agreed to measure electric 
currents by placing them proportional to this force under 
specified conditions. Namely, the C. G. 5. electro-magnetic 
unit of current is the current which, flowing in a conductor 
of the form of a circular arc one centimeter long, with a 
radius of one centimeter, acts with a force of one dyne 
on a magnetic pole of unit-strength placed at the center 
of the circle. The C. G. S. electro-magnetic unit of electric- 
ity is then defined to be the quantity of it which passes 
between two points in one second when the C. G. S. electro- 
magnetic unit of current is flowihg between them. There- 
fore, in general, designating the current by /, and the time 
during which it flows by r, the total quantity of electricity q 
which passes in that time is given by the equation, q^=, it. 
It should be added that it is agreed to understand by the 
direction of the current the direction in which positive elec- 
tricity, as electrostatically defined, is flowing. 

The general law governing the force 7^ exerted by a 
length / of a circular arc, of radius r, through which a cur- 
rent of strength / is flowing, upon a magnetic pole of strength 
M placed in air at the center of the circle, is expressed by the 
equation : F=^ mi 1 1 1^. The direction in the line perpendic- 
ular to the plane of the circuit and magnetic pole in which the 
force acts, is determined both by the direction of the current 
and the sign of the magnetism in the pole, in a manner that 
need not be here specified. This action exerted on quantities 
of magnetism by electric currents shows that a magnetic field 
is produced in the neighborhood of the current. Thus, it is 
seen that, though, as stated above, there are no effects exerted 
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between magnetic poles and stationary electric charges^ yet 
there are important relations between the former and electric 
currents. 

The ratio of the electromagnetic to the electrostatic 
unit of electricity is evidently one of the most fundamental 
constants connected with electrical phenomena, since it makes 
it possible to bring the effects of statical charges into quanti- 
tative relations with those of electric currents. Its numerical 
value has been found to be 3.00 X 10" by means of direct 
experimental comparisons of these two kinds of effects. The 
very high value of this constant shows that quantities of 
electricity which in the form of statical charges exert a con- 
siderable force upon one another give rise to only an ex- 
tremely slight electromagnetic force when in the form of a 
current ; moreover, it is true in general that the quantities 
of electricity concerned in most electrostatic phenomena are 
almost inappreciable in comparison with those ordinarily 
involved in the case of electric currents. Incidentally, it 
may be mentioned that the value of the ratio of the two 
imits has been found to be identical, within the experimental 
error, with the velocity of light — a remarkable relation of 
great theoretical significance. 

32. The Factors of Electrical Energy. Ohm's Law 
and Joule's Law. — In the preceding section an expression 
was given for the change in the electrical energy of two 
quantities of electricity corresponding to a displacement of 
one of them in the direction in which the electric force is 
acting. This is obviously only a special case. In order to 
express in a general manner the change in electrical energy, 
— that produced by the displacement of a quantity of elec- 
tricity in any direction whatever in any electric field whatever, 
— the change in energy is considered to be the product of 
two factors : one of these is quantity of electricity, to which 
under otherwise constant conditions electric force and energy 
have already been seen to be proportional ; and the other is 
difference of potential^ which is defined to be that factor with 
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-which the quantity of electricity must be multiplied in order 
to produce the energy. That is, if a quantity of electricity 
Q when transferred from one point to another in an electric 
field suffers a change dE in its electrical energy, the differ- 
ence of potential dv between the two points is defined by the 
equation, dv = dE I q. This method of defining the factors 
of electrical energy is evidently an application of the general 
equation, c = dE / di^ to a case in which c and dE are first 
independently determined. 

In accordance with this equation, the C, G, 5. unit of 
potential-difference is the potential-difference that exists be- 
tween two points when, upon transferring from one of them 
to the other a unit of electricity, its energy changes by one 
erg. Corresponding to the electrostatic and electromagnetic 
units of electricity, there are, of course, two units of potential- 
difference. It is also agreed to adopt as the zero of potential 
the value of it at a point infinitely distant from the charges 
producing the electric field, which is practically identical with 
the value at any point in electrical connection with the body 
of the earth. By integrating the equation, dv = dE / e, under 
this assumption that the potential is zero when the distance 
is infinity, we get for the absolute value of the potential v at 
any point, v -=:(£ — E^ / c, where E and E^ are the elec- 
trical energies at that point and at an infinite distance, re- 
spectively. By putting (? = + 1 in this equation, we find that 
the potential at any point of an electric field is mathematic- 
ally equivalent to the increase in the electrical energy of a 
unit-quantity of positive electricity when this is transferred 
from an infinite distance to the point in question. Its numer- 
ical value is evidently positive when the energy-increase is 
positive, and negative when it is negative. This energy- 
increase, and therefore also the potential, is obviously equal 
to the external work that must be expended in transferring 
the unit-quantity of positive electricity from an infinite dis- 
tance to the point in question. 

Since an energy-increase accompanying a decrease of 
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distance corresponds to a force of repulsion, it is clear that, 
by reason of the definitions adopted, positive electricity tends 
to flow from a place at higher to one at lower potential. 
Negative electricity, on the other hand, evidently will tend 
to flow from a place at lower to one at higher potential. 
Potential is therefore the intensity-factor of electrical energy, 
and it has the peculiarity that a definite difference in its value 
causes the energy to transfer itself in one direction or the 
opposite one, according as the electricity involved is positive 
or negative. Since, however, almost all of the effects pro- 
duced by the flow of positive electricity in the one direction 
are identical with those produced by the flow of negative 
electricity in the other, it is in most cases impossible to 
determine to what extent the two separate flows are taking 
place, and it is customary, for convenience sake, to consider 
that an electric current is wholly one of positive electricity, 
its magnitude as well as its direction being determined 
from its effects by attributing these entirely to this kind of 
electricity. 

The relation of quantity of electricity and difference of 
potential to electrical energy is made clearer by considering 
the analogy between it and the relation of quantity of water 
and difference of level to gravitation energy. Water situated 
at any level above that of the sea possesses a quantity of 
gravitation energy which is greater, the greater the quantity 
of water and the greater the difference between the two 
levels, just as the quantity of electrical enfrgy is greater, the 
greater the quantity of electricity and the greater the differ- 
ence of potential. Moreover, in order that there may be a 
tendency for water to flow from one place to another, there 
must be a difference of level between the two places, just as 
there must be a difference of potential at two places in order 
that there may be a tendency for electricity to flow between 
them. 

In place of the expression difference of potential, it is 
very common, when electric currents are under consideration, 
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to use the more general term electromotive force (^), which 
signifies any cause whatever that tends to produce a flow of 
electricity. 

Magnetic energy is resolved into the factors quantity of 
magnetism and magnetic potential ^ which have a significance 
entirely similar to that of the factors of electrical* energy. 
Quantity of magnetism was considered in the preceding sec- 
tion. Magnetic potential is defined with reference to the 
transfer of a quantity of magnetism in exactly the same 
manner as electric potential has been defined with reference 
to that of a quantity of electricity. 

Certain important principles relating to electric currents 
will be next considered. In order that a current may flow 
between two points, it is necessary, not only that they be at 
different potentials, but also that they be connected with each 
other by a suitable medium. A medium which allows an 
appreciable current of electricity to flow through it is called 
an electrical conductor ; one which does not, a non-conductor 
or insulator. In regard to the strength of the current the 
following general principle, known as Ohm's Law, has been 
derived and thoroughly confirmed by experiment: When a 
steady current flows between two points without producing any 
form of work, its strength (/) varies directly as the difference 
{e) of the potentials of the points, and specifically with the 
character of the conductor connecting them. That is, / = eIr, 
where jp is a quantity, called the resistance of the conductor, 
constant with reference to variations of / and e, but varying 
with the form, chemical nature, and physical condition of the 
conductor. Since by this equation resistance is defined to be 
equal to the ratio (^//) of potential-difference to current 
when no work is produced by it, the C. G, 5. unit of resist- 
ance is also determined : it is equal to the resistance of a con- 
ductor through which a C. G. S. unit of current flows when 
there is a difference of a C. G. S. unit of potential at its ends. 
The resistance of a homogeneous conductor of uniform 
dimensions is found to be proportional to its length (/) and 
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inversely proportional to its cross-section (s) ; that is, jp = jp // j, 
where ^ is a quantity, designated the specific resistance ox the 
resistivity of the substance, which is defined by this equation, 
and which is, therefore, in terms of the units commonly em- 
ployed, the resistance of a prism of it one centimeter in length 
and one square centimeter in cross-section. Its value varies 
not only with the chemical nature of the substance, but also 
with physical conditions, especially with the temperature. It 
is often more convenient to employ in place of the resistance 
of a conductor the reciprocal of its value, which is called 
the conductance (l) ; this is evidently equal to the ratio of the 
current to the potential-difference ; that is, z = 1 / jp = / / ^. 
The conductance of a homogeneous conductor of uniform 
dimensions is directly proportional to its cross-section and 
inversely proportional to its length ; that is, x = z x //, where 
L is the specific conductance or the conductivity of the sub- 
stance, or the conductance of a prism of it one centimeter in 
length and one square centimeter in cross-section. 

When work of any kind is produced by the passage of a 
current (for example, when mechanical energy is produced by 
a motor, when electrical energy is produced in another con- 
ductor by a transformer, or when chemical energy is produced 
by a chemical decomposition), a counter or back electro- 
motive force is developed in the circuit, and the current- 
strength is correspondingly reduced. The statement of Ohm's 
Law applicable to this general case is that the current-strength 
is equal to the ratio of the algebraic sunt of all the electro- 
motive forces to the sum of all the resistances in the circuit. 
That is, i=:^E I^R. For example, suppose that a storage 
battery, whose internal resistance is jp„ and which produces 
an electromotive force ^i, is placed in a circuit with a motor 
of resistance r^ and an electrolytic cell of resistance j?8> the 
whole being connected by metallic conductors of resistance 
JP4 ; suppose further that the activity of the motor gives rise 
to a back electromotive force e^^ and that the chemical decom- 
position in the cell produces a back electromotive force ^, : 
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the Strength / of the current flowing through the circuit is 
then given by the equation, / = — ^^ "~ ^' ^' 

When a quantity of electricity q flows between two 
points and thereby undergoes a fall of potential e, its electrical 
energy decreases by an amount equal to the product e q, and 
must appear as some other form of energy, commonly as heat, 
chemical energy, or mechanical energy, or else as electrical 
energy in another conductor. If a quantity of heat Q is alone 
produced, as is the case when the two points are connected 
by an ordinary metallic conductor, we get by the substitution 
of the value of e from the equation expressing Ohm's Law : 

This equation states that tke heat developed in a conductor by 
the passage of a current which produces no work is equal to 
the square of the current-strength multiplied by the time dur- 
ing which the current passes and by the resistance of the 
conductor This principle is known as Joule's Law, It has 
received independent confirmation by direct experiments. 
When the current, resistance, and time are expressed in 
C. G. S. units, the heat-effect is, of course, expressed in ergs. 
When mechanical or electrical work is produced by a 
current (as in an electric motor or in a transformer), it is found 
experimentally to be still true that a heat-effect equal \o ^rt 
is also produced, so that Joule's Law is applicable to this case 
also. When chemical energy, however, is produced by an 
electric current (as by the decomposition of a chemical sub- 
stance), the total heat-effect is not in general equal to i^rt; 
there are, nevertheless, good reasons for regarding it as the 
algebraic sum of two separate heat-effects, one of which is 
equal to i^rt ; this is called the Joule Heat-Effect ^ to distin- 
guish it from the total heat-effect. — Consider, for example, 
the application of these principles to the circuit described 
above, containing a storage battery, a motor, and an electro- 
lytic cell. If the current / flojys for a time r, the storage ; 
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cell yields a quantity of electrical energy ^i / r. Of this 
energy, by reason of the resistances, the quantities i^RiT, 
i^R^ r, 7^j?8 T and i^r^ t are converted into heat in the storage 
cell itself, the coils of the motor, the electrolytic cell, and the 
metallic conductors, respectively. The motor takes, in addi- 
tion, a quantity of energy E2IT which is convertible into 
work. The remainder of the energy e^it'is consumed in 
the electrolytic cell, appearing there in the form. of chemical 
energy (that possessed by the products of the decomposition) 
and sometimes partly in the form of heat. 

In closing the consideration of electrical energy and the 
relations of its factors, a few words must be added in regard 
to electrical units. Since many of the C. G. S. units, both 
in the electrostatic and electromagnetic systems, are of an 
extremely inconvenient magnitude for the expression of the 
electrical quantities involved in ordinary work with electric 
currents, a so-called practical system of electrical units has 
been devised, and this system, or one substantially identical 
with it, is used almost exclusively both in electrical science 
and electrical engineering. All the units in this system are 
exact decimal multiples or submultiples of the corresponding 
C. G. S. electromagnetic units. They are designated and 
defined as follows : The unit of current is called the ampere 
and is defined to be one-tenth of the C. G. S. electromagnetic 
unit of current, which was defined in the preceding section. 
The unit-quantity of electricity is the coulomb^ which is the 
quantity flowing per second when the current is one ampere. 
The unit of potential is the volt^ which is equal to the poten- 
tial-difference between two points when a change of one joule 
(equal to 10^ ergs) in the electrical energy attends the pas- 
sage of one coulomb of electricity between them : it is 
evidently equal to lo' C. G. S. electromagnetic units of 
potential. The unit of resistance is the ohm^ which is the 
resistance of a conductor through which one ampere flows 
when the potential-difference is one volt : it is equal to 
lo* C. G. S. units of resistance. The unit of conductance is 
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the reciprocal okm, which is the conductance of a conductor 
whose resistance is one ohm. Careful experimental determi- 
nations have shown that the ohm is substantially equivalent 
to the resistance at o*' of a mercury column 106.3 centi- 
meters in length and of a uniform cross-section one square 
millimeter in area. It should be added that, in order to 
facilitate the expression of electrical quantities in terms of 
these units, certain substantial equivalents of them, more 
readily realizable experimentally, like the equivalent of the 
ohm just mentioned, have been recently agreed upon by 
congresses of electrical engineers and various governments, 
and have been adopted as new definitions of the electrical 
units. These are designated the international units (inter- 
national ohm, international ampere, etc.) in order to distin- 
guish them from the true units (true ohm, true ampere, etc.) 
which were just defined. It is highly improbable that the 
values of the international and true units differ in any case 
by as much as o.i per cent. ; so that for most purposes they 
can be regarded as identical. 

33. Faraday's Law of Electrolytic Conduction. — 

Conductors are divided into two classes with reference to the 
changes that are produced in them by the passage of electric 
currents. Those which undergo no changes except such as 
are produced by a rise in temperature are called metallic con- 
ductors. Those in which the passage of a current is attended 
by a chemical change are called electrolytes. Bodies com- 
posed of the various metals and of graphite are examples of 
good metallic conductors. Aqueous solutions of salts, bases, 
and acids, and melted salts at high temperatures, are the most 
important classes of well-conducting electrolytes. The most 
obvious chemical changes attending the passage of a current 
through an electrolyte are those that take place at the sur- 
faces of the metallic conductors where the current enters and 
leaves the electrolyte. The production of such chemical 
changes by a current from an external source is called 
electrolysis. The occurrence of such changes, when they 



GENERAL PRINCIPLES RELATING TO ENERGY, 116 

themselves give rise to an electric current, is called voltaic 
action. Those portions of the metallic conductors that are 
in contact with the electrolyte are called the electrodes : the 
one at which the current leaves the electrolyte, or the one to 
which the positive electricity flows through the electrolyte, is 
designated the cathode or negative electrode ; the other, the 
anode or positive electrode. 

The chemical changes at the electrodes accompanying 
the electrolysis of aqueous solutions of salts, bases, and acids 
consist, in the simplest case, in the precipitation of the metal 
of the salt or base or of the hydrogen of the acid, or of 
hydrogen from the water, upon the cathode, and in the pre- 
cipitation of the halogen or acid radical of the salt or acid or 
of the oxygen of the base, ot oxygen from the water, upon 
the anode : thus, when a concentrated solution of copper 
chloride is electrolyzed between carbon electrodes, copper is 
deposited on the cathode and chlorine is liberated at the 
anode ; and, when a solution of sodium sulphate, one of 
sulphuric acid, or one of sodium hydroxide, is electrolyzed 
between platinum electrodes, hydrogen is liberated at the 
cathode and oxygen at the anode. In many cases, however, 
the chemical changes are more complicated, owing to the 
occurrence of secondary reactions between the primary prod- 
ucts of the electrolysis and the substances composing the 
electrodes or the electrolyte. Thus, when silver nitrate solu- 
tion is electrolyzed between silver electrodes, the NOg-radical 
or oxygen, instead of being precipitated at the anode, attacks 
the silver of which it is composed and causes an equivalent 
quantity of it to pass into solution in the form of silver 
nitrate ; and, when nitric acid is electrolyzed between plati- 
num electrodes, the hydrogen, instead of being set free in the 
form of gas at the cathode, reduces the nitric acid, and is 
itself oxidized to water. Furthermore, whenever the electroly- 
sis of a neutral salt (like that of sodium sulphate, for example) 
is attended by the liberation of hydrogen at the cathode and 
oxygen at the anode, it is found that a quantity of free base 
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(sodium hydroxide) equivalent to the hydrogen, and one of 
free acid (sulphuric acid) equivalent to the oxygen, are pres- 
ent in the portions of the electrolyte surrounding the cathode 
and anode, respectively, so that, in this case also, the effects 
observed are those that would result if the metal and acid- 
radical were the primary products of the electrolysis and these 
reacted secondarily with the water; thus, the phenomena 
observed in the case of the sodium sulphate are those that 
would arise from the liberation of sodium and the sulphuric- 
acid radical at the electrodes, and their action upon the water 
according to the reactions, 2Na+H20 = 2NaOH + Hj, and 
2SO4 + 2H2O = 2H2SO4 + Oj. 

In the case of voltaic actions, the chemical changes are 
of a similar character, most commonly consisting in the 
solution of the metal composing the anode and in the deposi- 
tion of another metal or hydrogen on the cathode (the sepa- 
ration of free hydrogen being, however, often prevented by 
a secondary reaction between it and the electrolyte or the 
electrode). Thus, in the Daniell Cell, which consists of a 
copper electrode in a copper sulphate solution and of a zinc 
electrode in a zinc sulphate solution, the two solutions being 
in contact and the two electrodes connected by a metallic 
conductor, the zinc dissolves and the copper precipitates ; 
and, in the Grove Cell, consisting of a zinc electrode in dilute 
sulphuric acid and a platinum electrode in strong nitric acid, 
zinc dissolves at the anode, and the hydrogen primarily pro- 
duced at the cathode reduces the nitric acid to lower oxides 
of nitrogen. The chemical changes involved in voltaic actions 
do not differ, therefore, essentially from those produced by 
electrolysis, except in the respect that the former tend to take 
place of themselves, while the latter require the application 
of electrical energy from an external source. 

The amount of chemical change that takes place at the 
electrodes is determined by the following fundamental prin- 
ciple, which is known from its discoverer as Faraday s Law : 
The passage of electricity through an electrolyte is attended 
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at e<ich electrode by a chemical change involving a number of 
chemical equivalents strictly proportional to the quantity of 
electricity passed through and dependent on that alone. 

This law is algebraically expressed by the equation, 
Q = £Ar, in which q is the quantity of electricity passed 
through, N is the number of chemical equivalents involved 
in the change at each electrode, and £ is a constant with 
respect to all variations of the conditions, representing the 
quantity of electricity producing a chemical change involving 
one equivalent. 

The law requires, on account of its generality, illustra- 
tion by a number of examples. Consider first the electrolysis 
of a silver nitrate solution between silver electrodes by the 
passage through it of a definite quantity of electricity, say 
looo coulombs, under variable conditions, assuming, how- 
ever, that the conditions are always such that the only chem- 
ical changes taking place at the electrodes are the deposition 
of silver upon the cathode and the solution of silver from 
the anode. Faraday's Law then requires that the quantity of 
silver deposited on the cathode be the same, and that the 
quantity dissolved from the anode be the same, whether the 
silver nitrate solution be concentrated or dilute, whether it 
be hot or cold, whether the electrodes be so placed in it that 
its resistance is large or small, and whether the potential- 
difference at the electrodes, and therefore the current- 
strength and the electrical energy expended, be greater or 
less ; that is, in spite of all these and other possible varia- 
tions of conditions, the law requires that whenever lOOO 
coulombs of electricity have passed through the solution a 
definite quantity (found to be 1.117 grams) of silver be pre- 
cipitated at the cathode and dissolved at the anode. Sup- 
pose that in a second series of experiments 10 cxx) coulombs 
be passed through the solution ; then ten times as much 
silver (11. 17 grams) must be deposited and dissolved. 
Suppose next that, while still passing 10 000 coulombs, 
the solution be made so dilute or the current-strength so 
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gcesX in proportion to the electrode-surface that hydrogen is 
deposited with the silver upon the cathode : the law requires 
in this case that the sum of the number of equivalents of 
hydrogen and silver be equal to the number of equivalents 
of silver deposited in the preceding experiments ; thus, if the 
amount of silver now deposited be lo.oo grams, that is, 1.17 
grams or 1.17/ 107.93 or 0.01084 equivalents less than be- 
fore, this deficit in silver must be made up by the liberation 
of an equal number of equivalents of hydrogen gas, that is, 
since its equivalent weight is 1.008, of 0.01093 grams of it. 
Consider next that the same current traverses in series the 
following solutions placed between platinum electrodes : 
sulphuric acid (HgSO^), silver nitrate (AgNOg), mercurous 
sulphate (HggSO^), mercuric bromide (HgBrg), gold chlo- 
ride (AuClj), and platinic chloride (PtCU) ; that only a 
single chemical change takes place at the electrodes in each 
solution — the precipitation of hydrogen or the corresponding 
metal at the cathode, and of oxygen or halogen at the 
anode; and that the current is continued till 1.008 grams of 
hydrogen, one equivalent weigHjJhave been liberated from the 
sulphuric acid solution. It follows then from Faraday's Law 
that one equivalent weight of each of the metals and of 
oxygen or halogen will also be deposited ; namely, since the 
combining weights (see § 16) corresponding to the above- 
given formulas are, Ag = 107.93, Hg = 200.0, Au = 197.3, 
Pt == 195.2, O = 16.00, Br = 79.96, and CI = 35.45, and since 
the equivalent weights in the different cases are evidently 
represented by lAg, iHg, JHg, JAu, JPt, ^O, iBr, and iCl, 
the result of the electrolysis is the precipitation of 1.008 grams 
of hydrogen and 8.00 of oxygen from the sulphuric acid, of 
107.93 of silver and 8.00 of oxygen from the silver nitrate, 
of 200.0 of mercury and 8.00 of oxygen from the mercurous 
sulphate, of loo.o of mercury and 79.96 of bromine from 
the mercuric bromide, of 65.77 of gold and 35.45 of chlorine 
from the gold chloride, and of 48.80 of platinum and 35.45 
of chlorine from the platinic chloride. Consider finally the 
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application of the law to the voltaic actions taking place ia 
the Daniell Cell when a quantity of electricity is produced 
by it which deposits 107.93 grams or one equivalent of silver 
from a silver nitrate solution placed in the circuit in series 
with the cell. Under these circumstances, according to 
Faraday's Law, one equivalent of zinc, equal to JZn or 32.70 
grams, will dissolve from the anode of the cell, and one 
equivalent of copper, equal to JCu or 31.80 grams, will pre- 
cipitate upon its cathode. 

Although numerous determinations have been made 
which prove the validity of Faraday's Law as an approxima- 
tion, it has been found very difficult to test experimentally 
the exactness of it, owing to the impossibility of completely 
preventing secondary and subordinate reactions at the elec- 
trodes, such as the liberation of small amounts of hydrogen 
at the cat])^de in the precipitation of metals. A careful 
study of the best conditions for eliminating such secondary 
actions has been made in the case of the electrolyses of 
copper sulphate and silver nitrate solutions, however ; and 
the ratio of the weights of copper and silver precipitated 
under these conditions by the same current when passed 
through the two solutions in series has recently been accu- 
rately determined, and found to be i / 3.3940. The ratio of 
the chemical equivalents of these two elements, as determined 
by the most exact chemical analyses of their compounds, is 
107.93 / \ 63.60, or I / 3.3940. The two ratios are therefore 
identical, as Faraday's Law requires. 

The quantity of electricity which produces at each elec- 
trode a change involving one chemical equivalent, that is, 
the numerical value of the fundamental constant £ in the 
algebraic expression of Faraday's Law, is called the electro- 
chemical constant. It has been determined by combining' 
measurements of the quantity of silver precipitated from a 
silver nitrate solution with measurements of the time and 
current-strength (made with a galvanometer or electro- 
dynamometer) employed in the precipitation. Its most 
probable value is 96600 coulombs. 
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With the help of this constant the amount of electro- 
lytic decomposition produced by the passage of any definite 
quantity of electricity, and also the quantity of electricity 
produced by a definite voltaic action, can be calculated. 
For example, suppose it were desired to determine how much 
bismuth could be precipitated out of a bismuth chloride 
(BiClj) solution by passing a current of 2 amperes through 
it for one hour. In this case, the quantity of electricity passed 
(<?=/r) is 2 X 3600 or J200 coulombs; therefore, the num- 
ber of equivalents precipitated (jv = <?/g) is 7200 / 96600 or 
0.074s, and the number of grams precipitated (tn = na) is 
0.074s X 69.33 or ^.\.(>Ty since the equivalent weight (-< ) i3 
one-third of the combining weight 208.0 grams, or 69.33 
grams. 

34. Heat Energy. — Heat energy has been defined 
to be the form of energy that is manifested when bodies 
are placed in communication with surroundings of different 
temperature. Temperature is therefore its intensity-factor, 
as has been already stated. Its capacity-factor is called 
heat-capacity {H) : it is that which determines the quantity of 
heat {dQ) which produces a definite increase of temperature 
{dT) in the body or system under consideration; that is, 
H = dQ I dT, This resolution of heat-energy into factors 
is an application of the general equation i'=^dEjdc to a 
case where i and dE are first independently determined. 

The heat-capacity of different homogeneous bodies com- 
posed of the same chemical substance is directly proportional 
to their masses or weights ; that is, H = Hniy where H is 
the heat-capacity of one gram of the substance, which is 
commonly called its specific heat, but which is more appro- 
priately designated its specific heat-capacity. Its value varies 
with the temperature, but ordinarily only by a small amount. 

Since a body may be heated under various conditions, 
and since its heat-capacity may vary correspondingly, the 
conditions of heating must be taken into consideration. The 
two most important cases are that in which the body expands 
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under a constant pressure, usually the pressure of the atmos- 
phere, and that in which the volume of the body is kept 
constant by the application of a suitable external pressure. 
The corresponding heat-capacities are called the heat-capacity 
at constant pressure {Hp) and that at constant volume {^H^ ). 
In the case of solid or liquid bodies, it is always understood, 
when not otherwise specified, that the heating takes place 
under the constant pressure of the atmosphere. In the case 
of gases, the conditions of heating must always be stated. 

It is found, however, in some cases — for example, in 
that of a solid substance at the temperature of its melting- 
point, or of a liquid at that of its boiling-point — that no 
change of temperature takes place when heat is imparted to 
the body ; but in such cases a change in the body's state of 
aggregation occurs, whereby its internal energy increases ; 
and the same amount of heat is evolved when the body 
returns to its original condition. The heat absorbed in 
such changes of state taking place at constant temperature 
is called the heat-effect of the fusion^ vaporization^ or subli- 
mation (Z). That absorbed by the change in state of one 
gram of the substance is commonly called the latent heaty or 
simply the heaty of fusion^ of vaporization^ or of sublimation^ 
(Z), of the substance; but, in accordance with scientific 
usage in the case of other specific properties, it is more 
rational to designate it the specific heat of fusion^ vapor- 
izationy or sublimation. It is understood, when not specified, 
that the change in state takes place under the atmospheric 
pressure. An analogous phenomenon is the dissolving of 
one substance in another ; and the heat absorbed when one 
gram dissolves is called the (specific) heat of solution of the 
substance. When not otherwise specified, it is to be under- 
stood that the substance dissolves, under the usual conditions, 
in such an amount of solvent that a saturated solution is 
formed. 

Chemical changes attended by heat-effects, as well as 
changes in physical state, may, of course, also take place 
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within a system. The heat absorbed by a system as the 
result of a chemical change in it is called the keat-effect of the 
reaction. In order to express this heat-effect as a specific 
property of the reacting substances, it is customary in ener- 
getic considerations to regard as the heat of reaction {q) that 
absorbed when the number of mols undergo change that are 
represented by the simplest chemical equation that can be 
written, using the molecular formulas of the compounds in- 
volved and avoiding fractional coefficients. Thus, by the heat 
of reaction or of combination of hydrogen and oxygen is meant 
that corresponding to the equation, 2 Hg + Oj = 2 HgO, that 
is, that absorbed by the union of 4.03 grams of hydrogen with 
32.00 grams of oxygen. 

In the case where a system undergoes the same change 
in state (whether physical or chemical) at two different tem- 
peratures, and no external work is done, the First Law of 
Energetics gives a simple relation between the quantities of 
heat {Qt^ and j2r,) absorbed by the change at the two tem- 
peratures (7i and T^ and the mean values between those 
temperatures of the heat-capacities {Hj and Hjj) of the sys- 
tem in the two states (those in which it is before and after 
the change, respectively). This relation is derived by the 
following consideration. Suppose we start- with the system 
in the state / at the temperature 7i, and bring it into the 
state // at the temperature Ti. This result can be effected 
in two ways, either by causing the change in state to take 
place at 7i and then changing the temperature of the system 
to 7^2, or by changing the temperature first to T^ and then 
causing the change in state to take place at that temperature. 
The quantities of heat absorbed from the surroundings in the 
two processes are, 

Gr, + ^//(^«-^i) and /f^ (T; - 7;) + Gr^ 
respectively. And since the initial and final states of the 
system are the same, the initial and final values of its internal 
energy must be the same, and therefore the quantities of heat 
absorbed in the two processes of converting it from one of 
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these states to the other must be equal ; for it has been 
assumed that no external work is done. Hence it follows that : 

It will be seen from this equation that the heat-effect attend- 
ing the change of a system from one state to another is inde- 
pendent of the temperature when its heat-capacities in the 
two states are equal, and only in this case ; and conversely. 

As an example, consider the following application of the 
equation : The heat evolved by the combination of 2 grams 
of hydrogen with 16 grams of oxygen in a closed vessel at 
20® is 67600 cal., and the specific heat-capacities (at constant 
volume) of hydrogen, oxygen, and liquid water are 2.41, 0.155, 
and 1 .00, respectively. By substituting these values in the 
equation, the change of the heat-effect of the combination of 
the two gases with the temperature, and its value (Gr,) ^.t any 
other temperature, such as 80*^, are calculated as follows : 

Qj,^ _ j2r, = (2 X 2.41 + 16 X o.iss — 18 X i.oo) (80 — 20) 
= — 642 cal. ; whence follows, — Gr, = 66958 cal. 

The above equation is of considerable importance from 
an experimental standpoint, since it is not practicable, owing 
to the errors from radiation, to make accurate calorimetric 
measurements of the heat-effect attending physical changes 
or chemical reactions at temperatures far removed from the 
room-temperature, and since, on the other hand, there is 
usually no difficulty in determining the heat-capacity of 
systems between the latter temperature and any higher or 
lower one. 

In case quantities of work, Wj*^ and Wj^^ are pro- 
duced by the change in state at the two temperatures in 
addition to the quantities of heat absorbed (no work, however, 
being involved in the changes of the temperature of the 
system in either state), the equation expressing the identity 
of the change in internal energy in the two processes 
obviously becomes : 

{Qt. - IVr) - {Qt. - Wr,) = (H, - H^) (7; - 7\). 
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If, in changing the temperature from 7\ to 7"j, a change 
in state of aggregation takes place within the system, the 
heat-effect corresponding to this change, and also the heat- 
capacities of the system before and after it, must be taken 
into consideration in calculating the change in the heat of 
reaction with the temperature. Although the special equa- 
tion derived above is not applicable in this case, yet the same 
general principle consisting in equating the quantities of heat 
absorbed in two processes of transforming the system from a 
definite initial state at the one temperature to a definite final 
state at the other temperature is to be here employed. Thus, 
in the example just considered, if the heat-effect of the com- 
bination of the hydrogen and oxygen to form water-t/^/^r at 
125® were to be calculated, it would be necessary to know 
the specific heat of vaporization of water at some temperature, 
say at 100'', and the specific heat-capacity of its vapor between 
that temperature and 125''. Since the former value, when no 
external work is done, is 498 cals., and the latter value is 
0.30, the heat of combination at 125*^ is — 578cx> cal., as will 
be seen on making the calculation. 

35. Chemical Energy. — Chemical energy has been 
defined to be the energy that systems possess in virtue of 
the tendency of the substances composing them to undergo 
transformations into other substances. The total decrease 
in the internal energy of a system in which a chemical 
change takes- place is readily determined by measuring the 
heat-effect and work produced in the surroundings; but 
this cannot be placed equal to the decrease in chemical 
energy : for a chemical change is always accompanied, not 
only by a change in the chemical energy, that is, in the 
energy which gives rise to the tendency to the change, 
but also by changes in other forms of energy, namely, in 
the cohesion and disgregation energies of the system, or, 
otherwise expressed, in its heat energy, as is shown by the 
change in the system's heat-capacity which commonly 
accompanies the chemical change. In certain special 
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cases, to be sure, the chemical energy can be separately 
determined ; namely, where electrical energy is produced 
by the chemical change and the change can be made to 
take place in the reverse direction by imparting an equal 
amount of electrical energy to the system. 

The resolution of chemical energy into factors has little 
significance from an experimental standpoint, since in most 
cases the numerical value of the energy itself is unknown ; 
but it is sometimes convenient in theoretical discussions. 
The definitions of the factors that have been proposed do 
not, however, need to be presented here. 

36. Radiant Energy. — Radiant energy has been de- 
fined to be the form in which energy is transmitted from 
one body to another without the mediation of matter, and it 
has been stated that there are different varieties of it called 
light, radiant heat, and electromagnetic radiations. These 
have, however, so many common characteristics that they 
are considered to be of essentially the same nature. For 
instance, it has been proved that the velocities with which 
light and electromagnetic radiations are transmitted through 
space are identical within the limits of the experimental 
errors, the value being 3.cx> X 10^^ centimeters, or 300000 
kilometers per second. Moreover, these three classes of 
radiations undergo reflection and refraction in accordance 
with the same laws, and they all exhibit the phenomena of 
interference and polarization. 

The phenomenon of interference, that is, the fact that 
two rays when superposed under suitable conditions anni« 
hilate each other (two rays of light, for example, producing 
darkness), has led to the conclusion that radiant energy is 
transmitted in the form of waves ; and, to facilitate the 
comprehension of the phenomena by making analogies pos- 
sible with the wave phenomena exhibited by matter, it is 
conceived that the waves are propagated in a hypothetical 
medium, called the ether^ and are the result of disturbances 
of some kind or other produced in it. The length of the 
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waves of radiant energy, or more briefly the wave-length (X) 
of the rays, can be derived from the measurement of inter- 
ference effects ; and it is found in this way that its values 
are widely different in the cases of light or heat rays and of 
electromagnetic rays, and that there are smaller, though 
considerable differences in wave-length in the case of differ- 
ent rays of the same class, as in that of light rays of 
different colors. Thus, the smallest wave-length that has 
been measured, that of a ray thrown far beyond the violet 
end of the visible spectrum and detected by photographic 
means, is about o.io ia {fi representing one micron which 
is equal to lo^ meters), the wave-lengths of the rays at the 
two limits of the visible spectrum are 0.36 and 0.81 ^, and 
the largest wave-length measured for any heat ray is 50 /*, 
while electromagfnetic rays have been produced whose wave- 
lengths vary from 0.4 cm. to many kilometers. The similarity 
in kind of almost all the effects produced by these varieties 
of radiant energy has led to the conclusion that they differ 
only in wave-length, and therefore that the specification of 
this suffices to characterize them qualitatively. 

The quantity of the effects produced by radiant energy 
is, however, determined by another characteristic of it, 
which is termed its intensity (t), and which is defined, in 
general, as the quantity of radiant energy passing in a 
second through a square centimeter of area perpendicular 
to the rays. This may be determined in the case of light 
and heat rays by receiving them during a time t upon a 
blackened surface of area s perpendicular to the rays, by 
which they are absorbed and converted into heat, and 
measuring the quantity of heat Q produced; for by defini- 
tion, 1'=^ Q I ST. For measuring the intensity of white 
light, as in photometry, a conventional system is usually 
employed, the illumination produced by the light upon a 
screen being made equal to that produced by some standard 
source of light by varying its distance from the screen ; 
since the intensity of light radiated uniformly in all direc- 
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tions varies inversely as the square of the distance of the re- 
ceiving surface from the source^ the unknown intensity can 
be readily calculated and expressed in terms of a conven- 
tional unit. 

The only phenomena connected with radiant energy 
that require consideration here are those of the refraction, 
polarization, absorption, and emission of light ; for these 
alone have important relations to the chemical nature of 
substances. 

When a ray of light passes through a surface separat- 
ing one medium from another, its direction is changed in 
accordance with the following law, known as SnelFs Law of 
Refraction : the incident and refracted rays and the normal 
to the surface at the point of incidence are in the same plane ^ 
and the sines of the angles which the two rays make with 
that normal bear a constant ratio to each other. That is, if 
the incident and refracted rays make with the normal, 
angles of 6^ and tf ^, respectively, sin 6^ / sin 6^ = v, where 
V is a quantity, called the index of refraction, constant with 
reference to variations of tf,- and 0^, but variable with the 
character of the two media, especially with their densities 
and chemical nature, and with the wave-length of the light. 
When the incident ray passes from a vacuum into a second 
medium, the corresponding value of v is called the absolute 
index of refraction of the medium. Ordinarily, however, 
the index of refraction of a medium is determined and 
stated with reference to the entrance of the ray into it 
from air ; yet, since the absolute index for air under normal 
conditions is 1.0003, the absolute index of a medium is only 
0.03 per cent, greater than its index with reference to air, 
and may usually be considered identical with it. It has 
been proved experimentally, and has also been deduced 
from the Wave Theory of Light, that the index of refrac- 
tion of a medium is equal to the ratio of the velocity vi 
of light in air to its velocity v^ in the medium ; that is, 
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When a ray of ordinary light passes perpendicularly 
through a plate of tourmaline properly cut with reference 
to the axes of the crystal, or is reflected from a mirror of 
transparent material (such as glass) at a suitable angle, it 
is found to have acquired the new characteristic of produc- 
ing different effects upon its different sides ; for, when the 
same ray is passed perpendicularly through a second tour- 
maline plate, or is reflected from a second similar mirror, 
its final intensity is found to vary when the plate is rotated 
in a plane at right angles to the ray, or when the mirror is 
turned around the ray keeping the angle of incidence con- 
stant, and to have a minimum value of zero and a maximum 
value at two positions of the plate or mirror that are at 
right angles to each other. Light which produces such 
different effects in the various directions at right angles to 
the ray and a zero effect in one of those directions is said 
to be plane-polarized^ or simply polarized. In order to 
facilitate the expression of these directions, it is agreed to 
select as a basis of reference the plane which embraces the 
incident ray and the normal to the mirror when it is in 
the position where the maximum amount of light is reflected, 
and to designate this \.\i^ plane of polarization. 

When a ray of polarized light passes through bodies 
of a certain crystalline structure, such as some varieties of 
quartz, or through bodies consisting of certain chemical 
substances, such as a tube of oil of turpentine or a solution 
of cane-sugar, its plane of polarization is rotated through a 
greater or less angle in the one direction or the other. 
This may be determined by examining the emerging ray 
with a glass mirror, a tourmaline, or other suitable analyzer. 
Substances which rotate the plane of polarization are called 
optically active substances : those that rotate it to the right 
when looking in the direction in which the light is traveling 
are called right-rotating or dextro-rotatory substances ; those 
which produce rotation in the opposite direction, left-rotating 
or leavo-rotatory substances. The angle of rotation a is 
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found in the case of a homogeneous body to be exactly pro- 
portional to the length / of the layer traversed by the ray, 
and to increase, though not always proportionally, with the 
density or concentration c of the active substance ; that is, 
^ z=, ^Icy where a is a quantity, called the specific rotatory 
power^ defined by this equation itself, constant with refer- 
ence to variations of /, and usually, though not always, 
approximately so with reference to those of ^, and variable 
in a high degree with the chemical substance and in a 
smaller degree with the temperature and other physical 
conditions, and with the wave-length of the light. In ex- 
pressing numerical values of the specific rotatory power, 
it is customary to employ the decimeter as the unit of 
length and the g^m per cubic centimeter as the unit 
of concentration. 

While only a very small proportion of known sub- 
stances have in themselves the power of rotating the plane 
of polarized light, all transparent substances acquire it in 
variable degree when placed in a magnetic field, the effect 
being strongest when the lines of force in the field are 
parallel to the ray of light, and zero when they are per- 
pendicular to it. For instance, when a ray of plane-polar- 
ized light is passed through a tube of water around which 
there is a helix of wire through which an electric current 
is flowing, the plane of polarization of the emerging ray is 
found to be different from that of the entering ray. This 
phenomenon is known as magnetic rotation of the plane of 
polarized light. The angle of rotation is proportional to the 
strength of the current, or to that of the magnetic field 
which it produces, and to the length of the layer submitted 
to its influence and traversed by the ray. The direction of 
the rotation is reversed when either that of the electric 
current or that of the ray is reversed. 

When a beam of light of any definite wave-length is 
passed through a body, in general the intensity of the 
emerging beam is found to be less than that of the enter- 
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ing beam, owing to the absorption of a portion of the light, 
and the conversion of it into heat, within the body. It is 
found that a constant fraction of the light that enters ecLch 
successive section of a homogeneous body is absorbed in that 
section^ all the sections being considered to be of equal and 
indefinitely small thickness ; or, expressed in mathematical 
form, if I is the intensity of the beam at any distance / from 
the point of entrance, and — di is its decrease in intensity 
on traversing the further distance dl^ then, — dij i'='fidly 
where /3 is a quantity termed the coefficient of absorption^ 
constant with reference to variations of i and /, but variable 
with the nature and physical state of the substance and with 
the wave-length of the light. On integration, this equation 
gives, log (*i/4j) = /3/, where i^ and t, are the intensities of 
the entering and emerging beams, respectively, and / is the 
total length of the layer traversed. 

It is found that the absorption-coefficient of gaseous 
substances at moderate pressure is very large for certain 
special wave-lengths, which vary with .the nature of the gas, 
and practically zero for all other wave-lengths, so that if a 
beam of white light, such as is emitted by an incandescent 
solid, be passed through such gases and be resolved by a 
spectroscope, its spectrum is found to be crossed by a num- 
ber of sharply defined dark lines corresponding to the wave- 
lengths for which practically complete absorption takes 
place. The values of these wave-lengths have been far 
more extensively determined and are of greater scientific 
importance than the values of the absorption-coefficients 
for definite wave-lengths. When the density of gases is 
increased by compression, the lines of their absorption- 
spectra become broader and less sharply defined at the 
edges. And in some liquids and solids the absorption 
takes place in such a manner as to produce in the spectrum 
one or more broad bands, each possessing a somewhat 
indefinite maximum of darkness and ill-defined limits. 
In other liquids the absorption-coefficient increases or 
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decreases continuously with increasing wave-length, or de- 
creases to a minimum at some value of the wave-length 
and then increases continuously. 

The phenomena of the absorption of light have addi- 
tional interest, inasmuch as they are closely connected with 
the color of bodies, which is a property that arises usually 
from the unequal absorption out of white light of the rays 
of different wave-lengths, the impression produced on the eye 
being that caused by the unabsorbed rays. That selective 
absorption is the cause of the color of objects that are seen 
by transmitted light is obvious : but this is known to be, in 
most cases, also the source of the color of objects viewed by 
reflected light; for the light, before it is reflected to the 
eye, generally traverses a layer of the substance of greater 
or less thickness. Thus, the colors of a piece of cobalt 
glass and of a potassium dichromate solution on the one 
hand, and of pigments on the other, are alike due to se- 
lective absorption. In some cases, to be sure, as in those 
of metals and solutions- of many organic dyestuffs, the color 
is due to unequal reflection of the rays of different wave- 
lengths at the surface of the body, and is then termed 
surface-color. Bodies possessing surface-color must obvi- 
ously show different colors according as they are viewed by 
reflected or transmitted light ; this is the case, for example, 
with gold, which is yellow by reflected light, and green, in 
very thin layers, by transmitted light, and with a strong 
solution of fuchsine, which is green by reflected, and red by 
transmitted light. 

The emission of light by heated bodies is also closely 
connected with their powers of absorption and surface- 
reflection ; for, according to Kirchhoff^s Law, the rays of 
various wave-lengths are emitted by a heated body in the 
same proportion in which they are absorbed by it at the same 
temperature when they fall upon it from, an external source. 
In this statement, the proportion absorbed signifies the 
proportion of the incident ray that is neither reflected nor 
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transmitted. For example, a heated mass of gas emits 
most copiously those rays that are absorbed most com- 
pletely when white light from an external source is passed 
through it, and does not emit at all those rays that are 
transmitted through it without absorption; consequently, 
its emission-spectrum consists of bright lines corresponding 
exactly in position to the dark lines in its absorption- 
spectrum. A piece of ruby glass, which appears red by 
transmitted light owing to absorption of the green rays, 
emits green light when heated to incandescence ; and a 
mass of copper, which appears red owing to surface-reflec- 
tion of the red rays, also emits green light when heated. 

37. The Internal Energy of Gases. Experiments of 
Gay-Lussac and of Joule and Thomson. — In addition to 
the principles already discussed relating to the volume energy 
of gases and its factors, an extremely important law in regard 
to their internal energy has been discovered. This may be 
stated as follows : the internal energy of a definite quantity of 
any gas at a definite temperature is independent of its pres- 
sure or volume^ provided the pressure is small. 

The validity of this law was first established by a series 
of experiments by Gay-Lussac, in which a gas, at a pressure of 
one atmosphere or half an atmosphere, contained in a large 
glass balloon was caused to expand suddenly, by opening a 
cock, into another balloon of the same volume in which a 
nearly perfect vacuum had been produced. The temperatures 
within the two balloons, which were made equal before an ex- 
periment was performed, were carefully determined by means 
of delicate thermometers after the expansion had taken place. 
It was found that the rise of temperature which took place in 
the balloon originally empty was always equal, within the 
experimental error, to the fall of temperature occurring in the 
other balloon, so that, if the gas in the two balloons had been 
mixed, the original temperature would have been reproduced 
without any energy being imparted to or taken up from the 
surroundings, thus proving that the energy within a gas is 
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unaffected by a change of volume taking place at constant 
temperature. 

Further experiments confirming the law were made by 
Joule, who substituted two copper cylinders for the glass 
balloons, immersed the whole apparatus in water, and deter- 
mined the temperature of the latter before and after the 
expansion of air contained in one cylinder at 22 atmospheres' 
pressure into the other empty cylinder. No change of tem- 
perature could be detected. 

This law, taken in connection with the Law of the 
Conservation of Energy, leads to two other important laws, 
in regard to the energy-relations of gases under small 
pressures. 

The first of these is as -follows : the heat absorbed from 
the surroundings by a gas kept at constant temperature while 
expanding against an external pressure is equivalent to the 
work done by it. Since the energy of the gas itself remains 
unchanged, this law is an obvious consequence of the First 
Law of Energetics. That is, since the increase of energy 
of the system under consideration (the gas) is equal to zero,, 
the equation expressing the First Law, U% — Ux'='Q — Wy 
becomes Q •=.]¥. A gas under small pressure is therefore a 
system by means of which heat can be quantitatively Xx^xs^- 
formed into work at constant temperature. 

The second law deducible from the fundamental one first 
considered is that the heat-capacity of a definite quantity of a 
gas is independent of its pressure or volume. This follows 
at once from the principle stated in § 34 in regard to the rela- 
tion between the heat-capacities of a system in two different 
states, and the heat-effects that accompany the change from 
one state to the other at different temperatures ; for, since the 
expansion of a gas when no external work is done is accom- 
panied by the same heat-effect at any two different tempera- 
tures, namely, by no heat-effect at either temperature, the 
heat-capacities of the compressed and expanded gas are equaL 

Later experiments of Joule and Thomson, made by a 
more exact method, show, however, that these laws are sub- 
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ject to deviations of the same order of magnitude as those 
which affect Boyle's Law. In these experiments, which are 
commonly known as the porous-plug experiments^ the gas to 
be investigated was driven by means of a force-pump, at a 
perfectly uniform rate, first through a coil of pipes surrounded 
with water, by which it was brought to a constant tempera- 
ture, and then through a boxwood tube containing a porous 
plug of unspun silk or cotton-wool and covered with insulating 
material, which prevented any flow of heat to or from the 
surroundings. After issuing from the plug, the gas was 
allowed to escape into the atmosphere, or collected in a gas- 
ometer at atmospheric pressure. The pressure of the gas 
before it entered the plug was measured with a manometer ; 
this pressure could be varied in separate experiments by using 
a more or less compact plug and by varying the quantity of 
gas forced through it per second. After the gas had been 
flowing so long that it was in thermal equilibrium with the 
plug and surrounding tubes, its temperature was determined 
by means of delicate thermometers just before it entered the 
plug, and just after it issued from it. Since under these cir- 
cumstances the gas in expanding absorbs no heat from the 
surroundings, and does only an inconsiderable amount of work, 
as will be seen below, the internal energy of the * gas is 
nearly the same after its expansion as it was before, and from 
the observed difference in its temperature and its known heat- 
capacity, the change in internal energy attending a corre- 
sponding expansion of the gas at constant temperature can 
be accurately deduced. Since the results are of fundamental 
importance, the principles involved will be here presented; 

Let the temperature, pressure, volume, and internal energy 
of m grams of the gas just before it enters the porous plug 
be /i, /i, ^1, and C/i, respectively, and the corresponding mag- 
nitudes after the gas has issued from the plug in the expanded 
condition be /j, /a, ^2', and U^y respectively. Let the m 
grams of gas then be heated at the constant pressure /a from 
t^ to /i, whereby its volume becomes v^^ and its internal energy 
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Z/j. It is desired now to determine the value U% — £/i, which 
represents the increase in the internal energy of m grams of 
the gas when at the constant temperature t^ its volume in- 
creases from ^1 to v^y or its pressure decreases from /i to /j. 
In order to do this, we apply the general expression of the 
First Law, U% — Ux^=^Q — W^ successively to the two pro- 
cesses to which the gas has been subjected. In the first 
process, 2 = o> ^^d W^==^P2V^ — /i^i» ^ ^^^ ^^ evident 
from a reference to the accompanying figure, and from the 
consideration that when the gas enters the plug the volume 
Vx is caused to disappear under the constant pressure /i, and 
that when it issues from the plug the volume vj is produced 
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against the constant pressure /j. It follows therefore that : 

UJ — Ux =^piVi —pivj. 

In the second process, in which the gas is heated under 
the constant pressure /« from /j to /i, it is evident that 
Q = tn-H^ {h — ^a)f if ^ is the specific heat-capacity of the 
gas at constant pressure, and that fF= /» (z;» — vj) ; therefore, 

U^—UJ = mH,(tx — t^—p^{v^ — v^\ 

whence follows by combination with the foregoing equation, 

U% — Ux'=niHp{tx — /q) + A^i — /«^a- 

, The evaluation of this change in internal energy obvi- 
ously requires not only a knowledge of the temperature- 
change occurring in the porous-plug experiments, but also 
that of the heat-capacity of the gas at constant pressure and 
of the values of its /i;-product at the two pressures in ques-. 
tion; both of these latter quantities have, however, been 
independently determined for most gases by direct measure- 
ments. It will be noted that the term (/iz/i — p%v%^ would 
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have the value zero for a gas that followed Boyle's Law, and 
that, according to the statements of §21, since here /i 
is greater than /«, it actually does have a small positive 
value for hydrogen and a small negative value for all other 
gases. The porous-plug experiments of Joule and Thomson 
show, however, that air, oxygen, nitrogen, and carbon dioxide 
undergo on expansion Kfall of temperature, which corresponds 
to a positive value of (/i — /«), and that its magnitude is con- 
siderably more than sufficient to compensate the negative 
value of (/if 1 "^P^vt), Therefore, the internal energy of these 
gases increases when their volume increases and their tem- 
perature is kept constant. Incidentally, it is of interest to 
note the general magnitude of the fall of temperature ob- 
served; at i7°-20*^, this was 0.26® with air, and 1.15® with 
carbon dioxide, for a decrease of pressure of one atmosphere. 
With hydrogen, on the other hand, a slight rise of tempera- 
ture (0.033° ^^^ ^ pressure-decrease of one atmosphere) was 
observed in the porous-plug experiments ; but its magnitude 
was not quite sufficient to compensate the positive value of 
(A^i — /«^«)> so that, apparently for this gas also, {[/% — l/i) 
lias a positive value : it should be added, however, that in this 
<:ase the calculated effect does not exceed the possible experi- 
mental error. 

The best idea of the magnitude of this energy-increase 
•can be obtained by comparing its value with that of the 
external work done when the gas expands against a pressure 
sensibly equal to its own. Computations have shown that, 
when the gas has a pressure of one atmosphere and under- 
goes an infinitesimal increase in volume, the ratio {dU / dW) 
of the increase in internal energy to the work done has at 
the room-temperature the value ^-^^-^ in the case of hydro- 
gen, j|^ in the case of air, and ^ in the case of carbon 
dioxide ; and that it has at 92*^ the value ^^ in the case of 
the last-named gas. The deviation from the fundamental 
law stating the constancy of the internal energy is therefore 
almost, if not quite, within the experimental error in the case 
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of hydrogen; very small, though undoubtedly real, in the 
case of air; much greater in the case of carbon dioxide; 
and, in its case, greater at the lower than the higher temper- 
ature. Thus, it is seen that the deviation is greater, the 
greater the deviation from Boyle's Law; and this justifies 
the inference that the former deviation would be zero in the 
case of a petfect gas. In the case of gases under high 
pressure, the law does not hold true even as an approxima- 
tion; the cooling effect on expansion, even when no work 
is done, being then so great that it has been employed tech- 
nically in the production of liquid air. 

38. The Second Law of Energetics. — Besides the 
Law of its Conservation, another general principle relating to 
the transformation of energy has been empirically established. 
It has been found that, while other forms of energy are 
readily and completely transformed into heat, the transforma- 
tion of heat into those other forms is subject to certain limi- 
tations. Thus, failure has attended all attempts to devise a 
machine or arrangement of matter which will do work in 
unlimited amount merely by withdrawing heat from the sur- 
roundings. An ideal process, in which heat is considered to 
be taken from surroundings of constant temperature and 
transformed into work by a system which itself undergoes 
no permanent modification, is called perpetual motion of the 
second kind ; and a most extensive experience has shown 
that perpetual motion of the second kind is impossible. 
Experience with processes taking place at different temper- 
atures has led to the conclusion that this principle is a con- 
sequence of a still more general natural law which may be 
expressed as follows : a process whose final result is only a 
transformation of a quantity of heat into work is an impos- 
sibility. This law is called the Second Law of Energetics ; 
and this general statement of it will serve as a postulate 
forming the basis of the following considerations in regard 
to it. 

As a concrete illustration of the Law, it may be men- 
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tioned that a process resulting solely in raising a weight and 
cooling a reservoir is an impossibility. Such a process would 
evidently not be a contradiction of the First Law ; for this 
would only require that the work done and heat absorbed 
be equal. It may be further mentioned, by way of illustra- 
tion, that, if the Second Law were not true, mechanical 
power could be obtained in unlimited quantities from the 
vast amount of heat present in the ocean, thus making un- 
necessary the fuel used in steamships as a source of energy. 

The law, of course, does not imply that heat can not 
be transformed into work, but only that its transformation 
must be attended by a change in the condition of some other 
quantity of energy. This attendant change may be either 
a change in the condition of the energy of the surroundings, 
or in that of the system employed for the transformation; 
but it is always of such a character that the power of pro- 
ducing work which the surroundings or the system possesses 
is diminished. 

The Second Law is based on an experience so extensive 
and varied that the probability of meeting with an exception 
to it is extremely slight; and especially so, in connection 
with mechanical or electrical processes. It is proved directly 
by the failure of all attempts to produce perpetual motion 
of the second kind, and indirectly by the quantitative cor- 
respondence of many conclusions drawn from it in regard to 
relations between different properties of substances, with those 
actually found to exist. 

The Second Law is quite distinct in significance from the 
First Law, as may be made clearer by contrasting them. 
The First Law states that work can not be done by a system 
that undergoes no permanent modification, except by with- 
drawing energy of some form from the surroundings ; in other 
words, that perpetual motion of the first kind is impossible. 
The Second Law states that work can not be done by such a 
system merely by withdrawing heat from the surroundings, 
that is, that perpetual motion of the second kind is impossible. 
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The First Law asserts that when a new quantity of energy 
appears in one form or at one place, an equivalent quantity of 
it of another form or at another place must disappear. The 
Second Law asserts that when a new quantity of work is 
produced by the transformation of heat, there must be an 
accompanying change in the condition of some other quantity 
of energy of such a character that the work it is capable of 
producing is correspondingly diminished. 

39. Application of the Second Law to Changes 
Taking Place at a Constant Temperature. — The change 
attending the transformation of heat into work may be either 
a change in the condition of the transforming system or in 
that of the energy in the surroundings, as was stated above. 

The first of these two cases is well illustrated by the 
expansion of a gas against an external pressure sensibly 
equal to its own ; for a definite quantity of heat is thereby 
transformed into an equivalent amount of work, and the 
expanding gas, which is the system employed for the trans- 
formation, though it retains the same quantity of energy, so 
changes its condition (decreases its pressure and increases its 
volume) that its power of transforming heat is diminished. 

The second case is that in which the system does not 
undergo any permanent change, but is in the same condition 
at the entt of the processes to which it has been subjected as 
it was at the beginning. Such a series of processes is called 
a cyclical process. (It is to be noted that the term process is 
used both to express the way in which a change in the state 
of a system takes place, and also, as in this expression cyclical 
process, to designate a series of changes in state, each of 
which takes place in some definite manner.) If by such a 
process heat is to be transformed into work, the Second Law 
requires that an attendant change in the condition of the 
heat-energy in the surroundings take place. This change 
always consists in the passage of an additional quantity of 
heat from a state of higher, to one of lower temperature. 
Difference of temperature in the surroundings is therefore 
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an essential condition for the transformation of heat into 
work by a system which itself undergoes no permanent modi- 
fication ; otherwise expressed, /teat is not transformed into 
work by any cyclical process taking place in surroundings at 
a constant temperature. This is merely a slightly different 
statement of the principle of the impossibility of perpetual 
motion of the second kind. 

An illustration of a simple cyclical process taking place 
in surroundings at a constant temperature, and of the appli- 
cation to it of the principle just stated may be presented. 
Suppose that a gas is allowed to expand against an external 
pressure sensibly equal to or less than its own, and that it is 
then, by increasing the pressure, brought back to its original 
volume, it being kept in a large heat reservoir at constant 
temperature. The Second Law states that the work done by 
the gas in expanding, even under the most favorable condi- 
tions, can not be greater than that which must be expended 
upon it during the compression, since otherwise there would 
be a net gain of work in a cyclical process at constant 
temperature. 

It is to be noted that the fact that difference of temper- 
ature is produced by the process itself does not invalidate the 
principle under consideration ; for this requires that if a net 
gain of work is to result from a cyclical process, difference of 
temperature must exist in the surroundings. Thus, the fact 
that a gas in expanding rapidly against a pressure consider- 
ably less than its own falls in temperature, and tl\ereby gives 
rise to a rapid flow of heat into it from the surroundings, does 
not increase the amount of work produced by the expansion, 
or make pos^ble a net gain of work after the gas is restored 
to its original condition : on the contrary, as will be seen be- 
low, it has the opposite result — a net loss of work. When 
a change in a system takes place in such a manner that the 
system itself does not undergo an appreciable variation of 
temperature, the change and the process by which the change 
is effected are said to be isothermal ones. 
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The Second Law evidently permits that any ^change in a 
system which takes place of itself be capable of producing 
a definite maximuin quantity of external work^ namely, a 
quantity of work which is equal to, but not greater than, the 
quantity which must be expended in directly reversing the 
change, and thereby restoring the system to its original con- 
dition. And conversely, the Second Law requires that, in 
order to bring about a change in a system in the opposite 
direction to that in which it takes place of itself, only a defi- 
nite minimum quantity of external work need be expended, 
namely, a quantity of work which is equal to, but not less 
than, the quantity which the reverse change is of itself 
capable of producing. It is, of course, possible, however, 
that the conditions under which the change takes place or is 
brought about, may be such as to produce less work than 
this maximum, or involve the expenditure of more work 
than this minimum quantity. And discrimination between 
processes of this kind and those that involve the maximum 
or minimum quantities of work is of fundamental importance 
in applications of the Second Law. 

To distinguish these two kinds of processes, it is usual 
to employ the terms irreversible and reversible, which have, 
however, primarily, the fdllowing significance. A change in 
state, or the process by which it is effected, is called reversible^ 
when the system can be directly restored to its original con- 
dition without giving rise to any residual effect in the sur- 
roundings. A change in state or a process is irreversible 
when this is not the case. For example, if a change in state 
is attended by the production of as much external work as 
would have to be expended in restoring the system to its 
original condition, it is obviously reversible; but if it pro- 
duces less work than this, the change is evidently irreversible, 
for work would have to be withdrawn from the surroundings, 
in order to restore the system to its original state. Now, 
since the Second Law does not admit of the production 
of more work by a change than is required for its reversal. 
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it is evident that, when a change in a system is reversible, the 
maximum amount of work is produced which it is capable 
of producing, or the minimum amount of work is expendSr 
by which the change can be brought about ; and that this 
is true only when it is reversible. 

It is important to understand that the term reversible is 
always employed, in the manner just defined, to desig^te a 
change or process of such a character that it is possible to 
restore the original condition of things both in the system 
and its surroundings, not in the system alone. After an 
irreversible change has taken place, it is in general possible 
to restore the system to its original condition, but only by 
doing upon 't a larger quantity of work than was obtained 
from it, so that the original condition in the surroundings is 
not reproduced. When an irreversible change has once taken 
place, it is not possible by any means whatever to reproduce 
in their entirety the conditions that previously existed. 

Let us next consider the conditions that must be fulfilled, 
in order that an isothermal change may be reversibte, or, what 
is equivalent to this, in order that it may produce the max- 
imum amount of work. In the first place, it will be clear 
from a little consideration that the change must take place 
under substantially the equilibrium-conditions^ the intensity 
of any form of energy that undergoes change within the sys- 
tem being compensated by a sensibly equal intensity exter- 
nally applied ; for, since the work produced by a change will 
be greater, the greater the magnitude of the latter intensity, 
this must be as great as is consistent with the occurrence of 
the change : the change will occur, however, if the external 
intensity is less than that within the system by only an in- 
finitesimal amount. Similarly, since the work expended in 
producing the reverse change will be smaller, the smaller the 
value of the externally applied intensity, this must be as small 
as is consistent with the production of the change : the change 
can be brought about, however, by the external application of 
an intensity greater by only an infinitesimal amoimt than 
that corresponding to the equilibrium-condition. 
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Consider, as an example, a gas within a cylinder closed 
at the top by a piston on which a weight, producing any 
desired downward pressure, can be placed, the piston being 
held in position by a suitable stop by which it can be released 
when desired. It is evident, now, that the work that will be 
done if the gas expands will be greater, the greater the weight 
upon the piston ; but that the gas will not expand at all, if 
the weight on the piston gives rise to a greater downward 
pressure than the upward pressure of gas beneath. The 
maximum amount of work that can be obtained by the ex- 
pansion will therefore be obtained when the externally applied 
pressure is sensibly equal to that of the gas. (Since that of 
the gas continually diminishes as its volume increases, the 
weight on the piston must of course be correspondingly 
decreased as the expansion progresses.) Similarly, the ex- 
ternal pressure that must be applied in compressing the gas 
to its original volume, if the minimum amount of work is to 
be expended, must be greater than that of the gas by only 
an infinitesimal amount. It is further evident, since the 
pressure during the compression need be greater than that 
during the expansion by only an infinitesimal amount, that 
the amounts of work involved are sensibly equal when 
the two opposing changes take place under the equilibrium- 
conditions, and that therefore each of them is then reversible, 
since the gas can be restored to its original volume without 
producing any permanent change in the surroundings. 

As another example, consider the conditions for the pro- 
duction of the maximum quantity of external work from a 
chemical change, such as that which takes place between 
a zinc plate and a copper sulphate solution. If the zinc is 
placed directly in the solution, the change is not attended 
by the production of any work whatever, and it is of course 
completely irreversible. If, however, the plate of zinc is 
placed in a zinc sulphate solution and a plate of copper 
is placed in a copper sulphate solution that is in contact 
with the zinc sulphate solution, it is f oimd that a potential- 
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difference exists at the two plates, and that by suitably 
connecting them outside the cell, electrical energy, and 
secondarily other forms of energy, can be produced. If the 
plates are connected only by an ordinary metallic conductor, 
it is still true, however, that the only result is the production 
of a quantity of heat in the conductor owing to its electrical 
resistance, and the change is completely irreversible, just as 
in the former case, the only difference being that the heat 
is now produced in the surroundings instead of in the react- 
ing mixture. But if the electromotive force of the cell be 
compensated by placing in the external circuit a storage cell 
or electric motor exerting an opposite electromotive force 
infinitesimally less than that df the cell, it is evident that the 
change then takes place under th,e equilibrium-conditions, 
and that it produces the maximum* amount of work in the 
surroundings ; for, if the counter^cl6ctrom6tive force were not 
less than that of the cell by an infinitesimal amount, the 
change would not take place at all, and, if it were Jess by 
a finite amount, a finite current would result, which would 
be attended by a finite Joule Heat-Effect and an equivalent 
decrease in the work produced. It is evident, moreover, that 
the change is then reversible; for, if the external electro- 
motive force be made greater than that of the cell by only 
an infinitesimal amount, electricity will flow in the opposite 
direction, the chemical change in the cell will take place in 
the reverse sense (zinc being precipitated and copper dis- 
solved), and the quantity of electrical energy thereby expended 
in restoring the cell to its original state will be greater than 
that obtained from it by only an infinitesimal amount. 

Another condition which must obviously be fulfilled, in 
order that a change may take place reversibly, is that the 
process which is essential to the production of the change, 
and which takes place under the equilibrium-conditions, be not 
attended by any other, irreversible process, that is, by any 
process by which work is converted into heat without pro- 
ducing such a change in the system or surroundings that the 
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work can be again obtained from the heat. Two such irre- 
versible processes of extremely common occurrence are the 
production of heat by friction and by electrical resistance. 
Thus, in a reversible expansion or compression of a gas, the 
piston must move in the cylinder without friction ; or, in a 
reversible transformation of the electrical energy produced 
by a voltaic battery into mechanical energy by means of an 
electric motor, the Joule Heat-Effect, and hence either the 
current-strength or the resistance of the circuit, must be zero. 

From the characteristics of reversible changes just con- 
sidered, it will be seen that no actually occurring changes are 
completely reversible ; fpr, in order that a change may be 
such, it is neofsssary that .thef6 be only an infinitesimal dif- 
ference of intensity within and without the system, and when 
this is the case, the time required for the occurrence of the 
change becomes infinite.^i' Moreover, it is never possible to 
eliminate entirely such irreversible processes as the produc- 
tion of heat by friction or by electrical resistance. Reversible 
changes are therefore ideal changes representing a limiting 
condition which may be approached more or less closely in 
the case of actual changes, but is never attained by them. 
Since all actual changes are to a greater or less extent irre- 
versible, the proportion of the existing energy that is trans- 
formable into work is continually diminishing. 

The fact thiat reversible changes and processes consti- 
tute a limiting case, and one which involves the equilibrium- 
conditions of systems, makes the consideration of them of 
the greatest scientific value. It is therefore especially impor- 
tant to state explicitly the forms of the Second Law which 
are applicable to them. It is clear that the following prin- 
ciple in regard to them is a necessary consequence of the 
general statement of the Second Law and of the definition 
of reversible processes : the algebraic sum of all the quanti- 
ties of work produced in any isothermal reversible cyclical 
process is equal to zero ; for if the sum were greater than 
zero, the process itself, and if it were less than zero, the re- 
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versal of the process, would be a contradiction of the Second 
Law. This principle is essentially identical with the following 
one : the quantity of external work prodticed when a definite 
change in the state of a system takes place at constant tem- 
perature is independent of the process by which the change 
is effected^ provided only that it be a reversible one ; for if 
two reversible processes of bringing about the same change 
in state produced different quantities of work, they could 
obviously be combined into a cyclical process )delding a 
quantity of work. 

By the application of this principle many important 
conclusions in regard to the equilibrium-conditions of various 
systems and many relationships between the intensity-factors 
of different forms of energy within them have been derived. 
One of the common methods of deriving such conclusions 
and relationships is to consider an isothermal reversible cycli- 
cal process involving different forms of energy, or the same 
form under different conditions, to be carried out, to calculate 
the quantities of work involved in the different parts of the 
process, and to place their sum equal to zero, in accordance 
with the principle just stated. 

This method may be illustrated by the following example, 
in which two different forms of energy are involved. Con- 
sider a system (a voltaic cell) composed of two platinum 
electrodes coated with platinum-black, each of which is half 
immersed in dilute sulphuric acid, the other half being ex- 
posed to hydrogen gas, which is contained at different press- 
ures, /i and /j, in two vessels of infinite capacity surround- 
ing the upper parts of the two electrodes. An electromotive 
force is found to exist at the electrodes. Consider these to 
be connected with each other by a conducting medium of 
infinitesimal resistance, and that a counter electromotive force 
is introduced into the circuit; By this system an electric 
current, and therefore electrical energy, can be produced. 
The processes which attend this production of work are the 
absorption of hydrogen by the platinum electrode which is in 



.} 



GENERAL PRINCIPLES RELATING TO ENERGY. 147 

contact with the more compressed gas, the passage of this 
hydrogen from the electrode into solution, its precipitation on 
the other electrode, and its escape therefrom into the space 
containing the less compressed gas, the net change in the 
system therefore consisting in a transfer of some of the 
hydrogen from the vessel containing it at the higher to that 
containing it at the lower pressure. Moreover, it is found 
that the system can be restored to its original condition, that 
is, the process can be made to take place in the opposite 
direction and the hydrogen be brought back to the higher 
pressure, by making the counter electromotive force greater 
by an infinitesimal amount than that of the cell. It is there- 
fore possible to carry out the process reversibly . In order now 
to determine how much electrical energy can be produced by 
a definite change in the system, and what the electromotive 
force of the cell is, we consider a process consisting of two 
parts to be carried out : i. We transfer 1.0075 grams (one 
equivalent weight) of hydrogen from the vessel containing it 
at the higher pressure (/i) to that containing it at the lower 
pressure (/,) by means of the voltaic cell just described, 
the potential-difference of the cell being compensated by an 
opposite and sensibly equal potential-difference externally 
applied, for example, by placing in series with it a motor 
running at a suitable speed, so that the maximum amount of 
work will be obtained from it. 2. We compress the 1.0075 
grams of hydrogen obtained in the vessel at lower pressure, 
with the help of a cylinder provided with a frictionless piston, 
until its pressure /, is brought back to its original value /i. 
In order to do this reversibly, or with the expenditure of the 
minimum amount of work, we take care that the external 
pressure upon the jriston be always greater than that of 
the gas beneath by only an infinitesimal amount. During 
both parts of the process we keep the system in a large heat 
reservoir of infinite extent, so that no difference of temper- 
ature is produced. An isothermal reversible cyclical process 
has now been carried out, and the Second Law requires that 
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the sum of the quantities of work, Wj and H^/, produced in 
the two parts of it, be equal to zero. That is, since 

Wj= EQ (by §*32), and Wn = NR T log(A //i) (by § 30), 

it follows that, JVj+ Wfr = EQ + NR T log(/, / /i) = o, 

or that, EQ=z NR T log(/i / p^) . 

In this expression e signifies the electromotive force of the 
cell, Q the quantity of electricity produced when one equiva- 
lent weight of hydrogen is transferred, N the number of mols 
of hydrogen transferred — in this case 0.5, since one mol of 
hydrogen is 2.015 grams or two equivalents, T the absolute 
temperature at which the change takes pl^ce, and R the gas- 
constant, which must be expressed in joules, if the electrical 
energy is to be so expressed, as is usually the case. In order 
to determine the value of the electromotive force e^ additional 
knowledge is obviously required. VWth the help of Faraday's 
Law and the electrochemical constant (§ 33) however, the cal- 
culation can be readily made ; for these require that, when one 
equivalent weight of hydrogen (or of any other substance) 
passes into solution or is precipitated in a voltaic cell, 96600 
coulombs of electricity be under all circumstances developed. 
Thus, substituting the appropriate values in the above equa- 
tion; we get, for a temperature of 20° : 

96600 X ^ = 0.5 X 8.31 X 293 X 2.303 logio(/i//2) volts. 

If the pressure in one vessel were two atmospheres, and that 
in the other, one atmosphere, {pi / /a) = 2, -ff = 0.00874 volts, 
and Wj^=EQ=i 843.8 joules. 

40. Application of the Second Law to Changes 
Taking Place at Different Temperatures. — It has been 

already seen that, when a quantity of heat is transformed into 
work by a system which undergoes no permanent modifi- 
cation, an additional quantity of heat is always taken up 
from surroundings at a higher temperature and is transferred 
to surroundings at a lower temperature. That is to say, even 
when a difference of temperature exists, only a fraction of 
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the heat taken up by the system from the warmer surround- 
ings can be transformed into work, if the system is to be 
restored to its original condition. ImportsSit questions at 
once arise as to what determines the fraction that can be 
transformed : Is it dependent on the nature of the system 
employed ? And how does it vary with the temperatures ? 
To the consideration of these questions and to applications 
of the conclusions reached this section will be devoted. 

It should be first pointed out, however, if the maximum 
amount of work is to be obtained by a process taking place 
at different temperatures, that not only the two conditions 
mentioned in § 39 must be fulfilled, namely, the occurrence of' 
all changes under the equilibrium-conditions and the absence 
of any attendant essentially irreversible process, such as fric- 
tion or electrical resistance ; but also that the changes in state 
of the system must not be attended by the direct passage of 
any quantity of heat from the surroundings at the higher, 
to those at the lower temperature ; for example, no heat 
must be transferred by processes of conduction or radiation. ' 
For a quantity of heat so passing does not produce any work, 
while under appropriate conditions a certain fraction of that 
quantity of heat, as of any other quantity, can, of course, be 
transformed into work. This third condition is, like the other 
two, comprehended in the statement that a process produces 
the maximum amount of work only when it is reversible. 
For the direct flow of heat from a higher to a lower tem- 
perature is essentially an irreversible process : the heat will 
not, of itself, pass back to the body at the higher temper- 
ature, and can not be brought there except by the expendi- 
ture of work, that is, without producing a permanent change 
in the surroundings. 

In order now to determine whether the value of the 
ratio of the quantity of heat that can be transformed into 
work to the quantity transferred from the higher to the lower 
temperature is dependent upon the nature of the system 
employed for the transformation, or upon the way in which 
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the transformation is carried out, let us assume that two 
different reversible cyclical processes, carried out with differ- 
ent systems or in a different way with the same system, could 
produce two unequal quantities of work by transferring an 
^qual quantity of heat from a higher to a lower temperature ; 
suppose now we cause the process that produces the larger 
amount of work (fT") to take- place in such a way that 
it takes up a quantity of heat (Qi) at the higher tempera- 
ture (7i), transfers a part of it (Qa) to the lower temperature 
(T'a), and transforms the remainder into work {W'^)] and 
suppose we cause the other process, which in transferring 
the same quantity of heat (j2a) from 7i to T^ produces the 
smaller amount of work ( W')^ to take place in the reverse 
-direction — that is, so that it takes up the heat (Qj) trans- 
ferred by the former process to the lower temperature, and 
raises it to the higher temperature by expending the required 
amount of work ( W^). It is then evident that the net result 
of these operations would be the production of a quantity of 
work (fF" — W^) from an equivalent quantity of heat with- 
out any other permanent change whatever having been 
brought about either in the systems or in the surroundings. 
Since this is contrary to the fundamental statement of the 
Second Law, the supposition made that the two processes 
produce unequal quantities of work is untenable. That is to 
.say, the quantity of work produced from a definite quantity 
of heat by any reversible cycUcal process taking place at 
definite temperatures is independent of the system employed 
and of the way in which the process is carried out. Or, since 
a reversible process produces the maximum amount of work, 
and since in a cyclical process the system is not permanently 
modified, this principle can be stated, without using these 
special terms, as follows : The maximum amount of work 
which can be obtained when a definite quantity of heat is 
transferred from one temperature to another by any process 
in which the system employed undergoes no permanent mod- 
ification is not dependent on the nature of the system, or of 
Jthe process. 
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By the conclusion just reached the determination of the 
relation between temperature and the proportion of heat trans- 
formable into work is greatly facilitated ; for evidently it is 
now only necessary to determine what that relation is for a 
single reversible cyclical process. We will therefore consider 
a process in which a definite quantity {N mols) of a perfect 
gas contained in a vessel closed with a weighted f rictionless 
piston is employed as the transforming system, and we will 
assume that the temperatures involved are defined to be 
proportional to its pressures, instead of to those of hydrogen^ 
as was done in § 22. 

Suppose that the gas has in the beginning a volume v^ 
and temperature 7i, and that the following process, consisting- 
of four distinct parts, is carried out with it : 

First y place it in a large heat-reservoir (for example, a 
large water-reservoir) at the temperature 7\, and, by gradu^ 
ally diminishing the weight on the piston, cause the gas ta 
expand slowly until its volume becomes v^. The gas does 
work during the expansion and tends to cool off, but is kept 
at constant temperature by an absorption of heat from the 
reservoir. 

Second^ make the piston immovable, so that the volume 
must remain constant, and withdraw heat from the gas until 
its temperature falls from 7i to T% ; in order to do this rever- 
sibly, the gas is brought successively into communication 
with a series of heat-reservoirs varying continuously in tem- 
perature from T'l to T^g, in such a manner that the gas always 
differs in temperature by only an infinitesimal amount from 
the reservoir with which it is in contact. The heat which 
the gas gives out in cooling, instead of all falling in tempera- 
ture from 7i to Ti, as would be the case if the gas were trans- 
ferred directly to the heat-reservoir at T^y is thus distributed 
among the reservoirs at the intermediate temperatures, and 
would evidently serve to heat the gas to its original tempera- 
ture, whence it follows that the process is reversible. 
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Third, place the gas in a large heat-reservoir at the tem- 
perature T'a, and slowly compress it by releasing the piston 
and gradually increasing the weight upon it until the volume 
of the gas has been reduced from z/, to its original volume Vi. 
Work is done on the gas during the compression, and it tends 
to become heated ; but itr is kept at constant temperature by 
the reservoir with which it is surrounded, which absorbs the 
heat produced. 

Fourth^ again make the piston immovable, so as to keep 
the volume constant, and impart heat to the gas until its tem- 
perature rises from T^ to 7i, making use of the series of res- 
ervoirs of continuously varying temperature employed in the 
second part of the process. 

It is evident that the gas is now in its original condition, 
and that each of the changes which it has gone through has 
taken place in such a manner that it could be reversed with- 
out giving rise to any residual effect in the surroundings ; or, 
in other words, that a reversible cyclical process has been 
carried out. 

Let us now proceed to determine the quantities of heat 
and work involved in the separate parts of this process, and 
from these, the net result of the process with respect to the 
transformation of heat into work. In the first place, it is 
clear, since the volume of the gas was kept constant, that no 
work was done in the second and fourth parts of the process ; 
and furthermore, since the heat-capacity of a definite quan- 
tity of a perfect gas is independent of its pressure and vol- 
ume (§ 37), that the heat given out by the gas to the reser- 
voirs in the second part of the process is equal to that taken 
up by it from them in the fourth part. Therefore, since no 
heat is transformed into work nor transferred from one tem- 
perature to another as a result of these two parts of the pro- 
cess, they can be entirely left out of consideration. 

It remains only to consider the first and third parts of 
the process. Desig^te the work produced in these two parts 
by W-i and Wt^ respectively, and the heat absorbed from the 
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surroundings in the two parts by Q\ and (2«> respectively. It 
follows then by § 30 that : 

and therefore that the quantity of work produced by the 
whole process, 

W= ITi + W^. = (Ti — Tt)NR log il. 

It follows, furthermore, from the principle that the heat 
absorbed by a perfect gas in expanding at a constant tem- 
perature is equivalent to the work done by it (§ 37), that : 



Gi= W^ = r^NR log 



V2 



Dividing the former of these two equations by the latter, we 
get an expression for the amount of work produced in the 
process above described, in terms of the quantity of heat 
absorbed from the surroundings at the higher temperature and 

T — T 

the two temperatures involved ; that is : IV=^ Qi ^ — !. 

Since it has been shown above that the Second Law 
requires that the same quantity of work be produced from 
a definite quantity of heat by any reversible cyclical process 
whatever taking place at the same two temperatures, it is 
evident that this equation is an entirely general expression 
of the application of the Second Law to such processes. 
Thus, just the same final result is reached from the consider- 
ation of the quantities of work^ and heat involved in the 
separate parts of the process known as Camot's Cyclical 
Process, in which a perfect gas undergoes a series of changes 
in pressure, volume, and temperature of a different character 
from those specified above: this process will be found de- 
scribed in treatises on Heat and Thermodynamics. More- 
over, the ratio of work produced to heat absorbed would be 
the same if the system employed in the process were any 
other than a perfect gas ; thus, this would be true in the case 
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of cyclical processes involving changes in the concentration 
and temperature of dilute solutions, which we now know how, 
at least in principle, to carry out reversibly. 

The conclusion reached may be stated as follows : The 
quantity of work produced in any reversible cyclical process 
in which a quantity of heat is absorbed by a system front 
surroundings at one tentperaturey and the portion of it not 
transformed into work is given off to surroundings at an- 
other temperature, is equal to the heat absorbed at the higher 
temperature multiplied by the difference of temperature and 
divided by the higher temperature expressed on the absolute 
scale. If the process is not reversible^ a less amount of work 
is produced. 

Therefore, the maximum quantity of work ( fF) that can 
be obtained from a definite quantity of heat (j2i) at any 
definite temperature (7i) with the help of any system that 
imdergoes no permanent modification is directly proportional 
to the difference between that temperature and any lower 
temperature (T%) with which the system can be brought into 
communication. If the system can not be exposed to sur- 
roundings of different temperatures, no work can be produced 
by it, as was concluded in § 39 ; for, when T^ = 7\, W^= o. 
If, on the other hand, it were practicable to bring the system 
into communication with surroundings at the absolute zero of 
temperature, it would possess the power of transforming the 
heat of surroundings at any higher temperature completely 
into work ; for, when 7^2 = o, fF= (2i- It will thus be seen 
that the general statement of the Second L^w postulated at 
the start would not be true, if surroundings of great heat- 
capacity at the absolute zero of temperature were accessible to 
us ; but such surroundings are not accessible. It is further 
•to be noted that the maximum amount of work obtainable 
from a definite quantity of heat, in different cases in which 
an equal difference of temperature exists in the surroundings, 
is inversely proportional to the higher temperature ; that is, if 
(7i— 7;) is constant, fToc (l / 71). Thus, a reversible cycli- 
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cal process taking place at lOO** and o®. (on the normal tem- 
perature scale) would produce only |^| as much work from a 
definite quantity of heat at ioo° as one taking place at o** 
and — lOO® would produce from the same quantity of heat 
at o°. 

The temperatures 7i and 7i in the equation are those 
that would be measured by means of a thermometer contain- 
ing a constant volume of a perfect gas, instead of one of 
hydrogen as has been previously understood in accordance 
with the definition of § 22. But, since the experiments of 
Joule and Thomson show that in the case of hydrogen at 
temperatures between the freezing and boiling points of water 
the change in internal energy upon expansion is extremely 
small, the two temperature-scales are almost identical between 
those two temperatures. In fact, computations based on the 
data of the porous-plug experiments have shown, assuming 
the interval between the freezing and boiling points of water 
to be 100** on each scale, that the intermediate temperatures 
would not at any point differ by more than 0.003**, and that 
the calculated temperature of the freezing-point above the 
absolute zero would be within o.i^ of 273^, whether a hydro- 
gen thermometer or a perfect-gas thermometer were employed 
for the measurements. It is not improbable, however, that 
the two scales differ to a considerable extent at very low 
temperatures. 

It is also to be noted that a new definition of temper- 
ature — one that is not based on any property of any definite 
kind of substance, but merely on the characteristics of heat 
energy — can be founded upon the application of the Second 
Law to reversible cyclical processes Of the kind just con- 
sidered. The result reached can be written in the form, 
01 / (— 02) = 7; / T^y since by the First Law W= Q^ + Ga-; 
and, in accordance with this equation, we may define the ratio 
of any two temperatures to be equal to the ratio of the heat 
absorbed at the one temperature to the heat evolved at the 
other temperature, when heat is transferred from the one to 
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the Other by any reversible cyclical process whatever. The 
temperature-scale based upon this definition is called the 
absolute energetic (or thermodynamic) teniperature-scale. It 
is absolute in the proper sense of the word ; for, unlike the 
gas or mercury thermometer scales, its definition does not 
involve a relation to any property of any definite substance. 
Temperatures expressed on this scale are, of course, exactly 
identical with those that are proportional to the pressures 
that would be exhibited by a constant-volume thermometer 
filled with a perfect g^. 

The principle derived above, which is expressed by the 
equation, W^= Q^{Ti — T',) / T'l, is especially important by 
reason of the fact that it can be applied to determining the 
effect of temperature on the equilibrium-conditions of systems, 
or on the value of the intensity-factor of any form of energy 
that may be involved. An illustration of the way in which 
the principle is applied in obtaining such results may there- 
fore be presented. Consider a reversible cyclical process 
carried out at two different temperatures with the hydrogen- 
gas-cell described in a previous example (§ 39). Let the 
process consist of the following parts : i. Cause one equiva- 
lent of hydrogen to pass, with the help of the cell operat- 
ing reversibly at the temperature 7\, from the vessel contain- 
ing it at the higher pressure /j, to that containing it at the 
lower pressure /2. 2. Cool the gas so obtained by means of 
a series of heat reservoirs to a lower temperature 7i, keeping 
its volume constant, its pressure being thereby reduced to /,. 
3. By means of the voltaic cell, operating reversibly at the 
temperature T'a, transfer the hydrogen from a vessel in 
which the pressure is /, to one in which it has a higher value 
/4, this last pressure being such that the gas will return to its 
original pressure /j, if heated at constant volume to the tem- 
perature 7i. 4. Heat the gas so obtained by means of the 
series of heat reservoirs to the original temperature 7i, keep- 
ing its volume constant. The reversible cyclical process is 
then complete. As no work was done in the second and 
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fourth parts of the process, and as the heat given out by the 
gas in the second part was exactly compensated by that taken 
up by it in the fourth part, since the heat-capacity of a 
quantity of gas is independent of its pressure, these parts of 
the process can be entirely left out of consideration. There- 
fore, only the quantities of work and heat involved in the first 
and third parts need to be considered. If the electromotive 
force of the cell at 7\ is Ei and at T^ is e^j and the quantity 
of electricity, which by Faraday's Law is the same in both 
cases, is g, the work produced in the first part of the process 
is EiQj and that expended in the third part is e^q; the work 
W produced by the whole process is, therefore, {sx — b^q. 
Substituting this value in the general equation, we get : 

(^1 — e^)q = Qx {Tx — T^) I Ti, 

where Qx is the heat absorbed in the first part of the process. 
This equation evidently expresses a relation between the 
maximum quantities of electrical work which the cell is 
capable of producing at two different temperatures, or be- 
tween the values of its electromotive force at two different 
temperatures, in terms of the heat-effect that attends the 
operation of the cell under the equilibrium-conditions at one 
of the two temperatures. This result is a typical one, beinjg 
entirely analogous to those reached by other similar applica- 
tions of the Second Law. In this special case, the work, 
Wx = ExQ9 produced in the first part of the process can be 
substituted for the heat Qx absorbed in it ; for the two quanti- 
ties are in this case equivalent, since a gas does not change 
its own energy-content when changed in pressure and volume 
at a constant temperature. Making this substitution, the last 
equation becomes simplified to the following one : 

(^1 — Ei) / Ex = (Tx— Ti) / 7\ ; or Ex I Ei=^ Tx I T%\ 

which states that the fractional change in the electromotive 
force of the cell is equal to the fractional change in its 
absolute temperature, or that its electromotive force is pro- 
portional to its absolute temperature. 



168 GENERAL PRINCIPLES OF PHYSICAL SCIENCE. 

It is important to note that the above equation will yield 
exact results only when applied to reversible cyclical processes 
in which, as in those used for its derivation and illustration, 
quantities of heat are absorbed at one temperature and 
given out only at another temperature, and not at all at 
intermediate temperatures. In order that a process, consist- 
ing, like those described above, of a definite change in the 
state of a system at one temperature and the reverse change 
in its state at another temperature, may fulfil this last con- 
dition, it is evidently necessary that the heat-capacity of the 
system be the same in the two different states in which it 
exists during the cooling and during the heating. While this 
is almost exactly true for different volumes of the same 
quantity of any gas under moderate pressure, and for the 
diflEerent states of some other kinds of systems, it is not true 
in general. To cyclical processes carried out with systems 
for which it is not true, and consisting of changes of the kind 
just specified, the above equation is not rigidly applicable, 
though it will give, if applied to such processes, approximately 
correct results when the difference in the heat-capacities of 
the system in its two states is small, or when the temperature- 
difference involved is small. 

It is evident, that, if the difference in the two tempera- 
tures be made infinitesimal, the heat-effects involved in the 
two parts of the process in which the system is cooled 
and heated, whether or not equal, will be infinitesimal, so 
that they can be neglected in comparison with the finite 
quantities of heat involved in the other two parts of the 
process. Therefore, if a reversible change of state takes 
place in any system whatever whereby a quantity of heat Q 
is absorbed from the surroundings at the temperature 7", and 
a quantity of work W is produced in them, and the same 
change in state, but in the opposite direction, takes place at a 
slightly different temperature T + dT, and thereby a quantity 
of work equal to — {W-\- dW) is produced in the surround- 
ings, between these quantities of work and heat must obvi- 
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ously exist a relation entirely similar to that expressed by 
the equation, W^i+ W^-=^Qx (7i — T^ / 7\, and one deriv- 
able from it by substitution; namely, since in this case, 
W^^W, W, = -{W+dW), Qi=-Q, T^=T, and 
T'a = 7" 4" dTf it follows that : 

dW = 2LdT. ^ X' 

T 

The quantity of heat Q involved in this equation is that 
which is absorbed by the system when the change in it takes 
place under reversible conditions. Since it is often not 
possible, to measure this quantity of heat directly, it is con- 
venient to substitute for it the quantity W-\-(JJ^ — i/i), 
which according to the First Law (§ 27) is equivalent to it. 
On making this substitution the above equation becomes : 

W-\-(J7,-U^) = T^. 

This equation is one of the most generally applicable expres- 
sions of the Second Law, and the exact significance of the 
s)mibols occurring in it should be fully appreciated. It is 
evidfent from the statements made in the foregoing deduction 
of the equation that W signifies the external work produced 
by any reversible change taking place in any system at a 
constant temperature T; that U% — Ux is the attendant 
increase in energy of the system itself, or the heat absorbed 
when the same change in it takes place without any external 
work being done ; and that dWis the increase in the quantity 
of work produced when the same change in the system takes 
place at the temperature T + dT, And by the statement 
that the same change in the system is to take place at the 
two temperatures, it is to be understood that it changes from 
two such initial states as are converted into each other by the 
addition or withdrawal of heat alone, without any work being 
involved, to two such final states as are converted into each 
other in the same manner. 

Since a change to be reversible must take place under 
the equilibrium-conditions, and since the quantity of work 
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produced by it is dependent upon those conditions^ the above 
equation makes it possible to determine the effect of temper- 
ature on an equilibrium (by calculating dW j dT)^ when the 
other quantities ( fFand 17% — C/i) involved in the equation are 
known. The quantity 17% — Ux can usually be readily deter- 
mined by direct calorimetric measurements. In order to 
determine the quantity of work PF, it is necessary to know 
the conditions under which the change in state will take place 
reversibly, that is, to know the value of the energy-intensity 
within the system (the surface-tension, pressure, elastic force, 
electromotive force, etc.) that must be compensated by an 
externally applied intensity in order to produce equilibrium, 
and thereby reversibility. The product of this intensity-value 
by the change in the value of the corresponding capacity- 
factor (the change in surface, volume, length, quantity of 
electricity, etc.) is equal to W^ the maximum quantity of work 
that can be produced by the change in state under consider- 
ation. If the intensity-value varies during the change in 
state (as does the pressure of a gas upon expansion), the 
maximum work is given by a corresponding integral (^r ex- 
ample, in the case of the gas, by \*pdv)f and to evaluate 

this integral, it is necessary to know the law of the variation 
of the intensity during the change, that is, the functional 
relation between the intensity and capacity values (thus, 
between / and v in the case of the gas). All this know- 
ledge must be derived, independently of the two Laws of 
Energetics, from established principles relating to the system 
in question, or through direct experimental investigations 
upon it. 

The way in which the equation is applied in determining 
the effect of temperature on equilibrium-conditions may be 
illustrated by some examples. 

Suppose it be desired to determine how the pressure of 
a quantity of hydrogen gas of constant volume changes with 
the temperature. Consider that the gas undergoes a change 
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of volume dv at each of two constant temperatures T and 
T-\- dT^ the pressures of the gas in the two cases being/ 
and / + ^, respectively. Then U^ — ^i = o by § 37 ; W 
=ipdv ; and d W= dp dv. Substituting in the general equa- 
tion, we get : 

^ dT p T 

which states that the fractional change in the pressure of the 
gas when its volume is kept constant is equal to the fractional 
change in its absolute temporature, which is the basis of 
the determination of absolute temperature by the hydrogen 
thermometer. 

As a second example, the hydrogen cell may be considered 
for which the relation between electromotive force and tem- 
perature was derived above by means of a cyclical process. 
The same relation can be deduced much more simply by sub- 
stituting in the general equation the appropriate values ; 
namely, putting PF= bq^ U^ — i/i = o, dW'=' ods^ we get : 

^ Qds ds dT 

dT E T 

In order to determine the change in vapor-pressure of a 
pure liquid with the temperature, we consider that in a 
system consisting of the liquid and its vapor one mol of the 
liquid changes to vapor under the equilibrium-conditions at 
two different temperatures, T and T + dT, Let the vapor- 
pressure (that is, the pressure at which the liquid and vapor 
are in equilibrium) be/ and p '\- dp ^\. the two temperatures, 
respectively, and let the volume of one mol of the liquid be 
Vj and that of one mol of the vapor be v^ when the pressure 
is/. Then fF=/(z^— F); W-^-U^ — U^^M LjihftYa^t 
absorbed by the vaporization of one mol of liquid under the 
constant pressure /, which is the condition under which the 
calorimetric measurements are ordinarily made; and dW^=^ 
dp{v — V). Substituting these values we get: 
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This equation evidently gives a rigidly exact relation between 
the change of vapor-pressure of a substance with the tempera- 
ture, its molar heat of vaporization, and its molar volumes in 
the state of liquid and saturated vapor. In this equation, if 
the vapor-pressure is small (for example, not much greater 
than one atmosphere) the volume of the liquid V can be 
neglected without great error in comparison with that of the 
vapor t;, and for the latter, as an approximation, its value 
given by the gas-law-equation {v^=RTIp^ since iV=: i) 
can be substituted. The above equation then becomes : 

dplp_d]ogp_ ML 
"It ~ ~df ^^7^ 

The significance of this equation may be further illus- 
trated, and its degree of accuracy demonstrated, by applying 
it to water at lOO®. The specific heat of vaporization L of 
water at lOO® is 537 calories, and its molecular weight is r8. 
Therefore ML = 9670 calories. Moreover, when expressed 
in calories, i?= 1.986 (§ 30) ; and in this case, 7'=373. 
Substituting these values in the foregoing equation, it is 
found that {dp I p) I dT=^ 0.0350. Actual measurements show 
that the vapor-pressure of water in centimeters of mercury is 
73.32 at 99°, 76.00 at 100°, and 78.77 at 101° ; so that the 
value of {dp j p) / dT, is 2.725 / 76.00, or 0.0359. The slight 
disagreement between this experimentally determined value 
and the calculated one is explained by the fact that water- 
vapor at 100° and atmospheric pressure is not a perfect gas 
and does not fully conform to the equation / v = NR 7", as 
was assumed to be the case in simplifying the exact relation 
first obtained. 

Since the fundamental equation, dW I dT=^ Qj T'=^ 
{W'\'U^ — U^l T^ is a differential equation, it is, strictly 
speaking, only possible to deduce from it the effect of infini- 
tesimal changes of temperature on the equilibrium of systems. 
The effect of finite changes can, however, be determined when- 
ever this equation can be integrated between the desired tem- 
perature-limits. But, in order to do this, experimental data 
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must be available, which enable 0, the heat-effect attending 
the reversible change in state of the system, to be expressed 
as a function of the temperature between those limits. 

Thus, in the example last considered, if it were desired 
to calculate the vapor-pressure of water at 30° from its value 
at 100°, it would be necessary to know the change of the 
heat of vaporization of water with the temperature. Accord- 
ing to Regnault's determinations, this is expressed between 
those temperatures by the equation, ML = 14330 — 12.51 T, 
Dividing this value by that of i?, substituting the result in 
the equation, d\ogp=^MLdTJRT\ and integrating be- 
tween the limits, T^=^Tup =/i, and T^^T^^p =/a, we get : 

log |l = 7218 {^ - 77) - 6.30 log ^. 

Placing in this equation /a = 76.00, T^ = 373, and 7i = 303, 
noting that natural logarithms are to be employed, and 
solving, /i is found to be 3.23 cm. Actual measurements 
of the vapor-pressure at 30° show it to be 3.15 cm. 

In concluding this discussion, attention may be called 
to the fact that the Second-Law equation can also be applied, 
in the opposite way, to the determination of the heat-effect 
that attends an isothermal reversible change in a system, 
when the effect of temperature on its equilibrium is known. 
Thus, the heat of vaporization of a liquid can evidently be 
calculated by the same equation as was used above in deriv- 
ing the temperature-coefficient of its vapor-pressure, if the 
latter quantity has been experimentally determined. 
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APPENDIX II. 

NOTATION. 

In the system of notation used in this book each symbol 
represents, with a few unequivocal exceptions, only a single 
kind of physical quantity, and hsis in most of those cases in 
which usage is at all uniform, a significance in accordance 
with that usage. All physical quantities are represented by 
either Italic or Greek letters ; chemical substances and signs 
of operation (log, sin, etc.), by Roman letters. For all elec- 
trical and magnetic quantities, for time, and for quantities rela- 
ting to chemical equivalents, small capitals are employed. 
For all optical quantities and for other quantities infrequently 
met with, small Greek letters are used. To represent spe- 
cific properties, the same symbols are underlined ; thus v is 
volume in general, and v is specific volume. Different values 
of the same quantity are distinguished by numerical sub- 
scripts ; a unique value by the subscript zero. The approximate 
values (always within 0.5 per cent.) of fundamental con- 
stants which it is well to remember, are printed in bold type ; 
ior example, ^= 980. 
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The following list shows the symbols employed and their 
significance. 



1 



0, b 
d 

€ 

g 
h 



'1 



J 
k 



Acceleratioii. 

Van der Waals* constants. 

Energy capacity-factor. 

Concentration in grams. 

Differential. 

Base of natural logarithms. 

Acceleration due to gravity. 

Height. 

Energy intensity-factor. 

Van't Hoff*s coefficient 

Grayitation-constant. 

Reaction -velocity-constant 



/ Length or Distance. 

m Mass or Weight 

n Molecule-coefficients. 

p Pressure. 

q Heat of reaction. 

r Radius. 

s Surface or Cross-section. 

/ Normal temperature. 

u Velocity. 

V Volume. 

X Fractional part (^^., content,, 
dissociation, etc) 



A 


Atomic weight 


M 


Molecular weight 


C 


Molar concentration. 


N 


Number of mols. 


D 


Density. 


P 


Osmotic pressure. 


E 


Energy. 


Q 


Heat-effect in generaL 


F 


Force. 


R 


Gas- constant 


U 


Heat-capacity. 


S 


Solubility. 


J 


Mechanical equivalent of heat 


T 


Absolute temperature. 


K 


Equilibrium-constant 


U 


Internal energy. 


L 


Heat-effect of vaporisation or 


V 


Volume of non-gaseous ph 




fusion. 


W 


Work. 


A 


Equivalent weight 


N 


Number of equivalents. 


C 


Equivalent concentration. 


Q 


Quantity of electricity. 


B 


Electromotive force. 


R 


Resistance. 


I 


Current-strength. 


T 


Time. 


K 


Dielectric-constant 


V 


Velocity of ions. 


L 


Conductance. 


V 


Electrical potential. 


M 


Quantity of magnetism. 







( Angle of rotation. 

t Empirical coefficient 
Q ( Absorption-coefficient 

t Empirical coefficient 
y Surface-tension. 
e Modulus of elasticity. 
% Angle. 
I Intensity of light 



( Compression-coefficient 

( Heat-capacity-ratio. 
A Wave-length of light 
11 Micron. 

V Index of refraction. 

ir Ratiocircumferencetodiameter* 
p Specific refraction. 

V Velocity of light 
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Absoluti index of refraction, 127 

system of units, 10 

temperature-scsile, 62, 156 

zero, 62 
Absorption bands, ijo 

coefficient, 150 

of light, 130 

selective, 130 
Abstract sciences, 9 
Acceleration, 10 

due to gravity, 87 
Activity, 72 

unit of, 75 
Additive property, 30 
Aggregates, sciences of, 9 
Aggregation, states of, 19-22 
Amorphous substance, 24 
Ampere, as electrical unit, 113 
Analyzer for polarized light, 128 
Anooe, 115 
A priori reisomag, 7 
Atmosphere, as unit, 57 

value in dynes, 95 
Atomic weight table, 47 

Back electromotive force, iii 
Becquerel rays, 73 
Body, definition, 1 1 
Boiling-point, 20, 21 
Boyle's Law, 56, 57 

deviations ^om, 58-60, 137 

Calorib, 75 

mean, 75 

mechanical equivalent of, 75 
Capacity factor of energy, 80 

for gravitation energy, 14, 84 

for neat, 120 

for kinetic energy, 14 
Camot's Cyclical Process, 153 
Cathode, 115 
Centimeter, 10 
C. G. S. electrical units, 100, 106, 1 10, 

"3 
system of units, 10 

unit of magnetism, 105 
Charge, electric, 107 
Chemiod changes in electrolysis, 115, 
117, 118 

changes in voltaic cells, 116, 119 

energy, 70, 124 

equations, 49 

formulas, 49 

substance, criteria of, 28-32, 48 



Chemistry, definition, 9 

Coefficient of absorption of light, 130 

of compression, 98 

of expansion, (^ 
Cohesion energy, 69^ 88 
Colloid, 27 
Colloidal solution, 26 
Color, ij3i 

Combimne-weights, arbitrary multi- 
ples, 41 

calculation, 41 

definition, ^, 42 

determination, 42-45 

Law of, 38-42, 48, 49 

table of, 47 

values, 45-47 
Complete analysis, 44 

synthesis, 44 
Composition, percentage-, calculation 

of, 50 
Compound substance, 32, 33 
Compressibility of leases, J9 
Compression-coefficient, 98 
Concentrated solution, 27 
Concentration, 18 

equivalent, 56 

molar, 68 
Concepts of science, 10 
Concrete sciences, 9 
Conductance, iii 
Conductivity, iii 
Conductor, 1 10 
Conservation of elements, 33, 34 

of energy, 76-79, 138 

of matter, 18 
Coulomb, as electrical unit, 113 

Law of, loi, 102 
Counter electromotive force, 11 1 
Critical temperature, 23 
Crystalline substance, 24 
Current, direction of, 106 

electric, 106 

units of, 106, 113 
Cyclical-process, 139 

Camot's, 153 



DALTON'S LAWtjfi 

DaniellCell, 116 
Data, definition, 4 
Decomposition, definition, 33 
Deductive reasoning, 7 
Definite Proportions, Law of, 36 
Degree, centigrade, 61 
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Density, definition, 17 

of air and oxygen, relative, 67 

of mercury, 95 

maximum-, of water, 17 
Deviations from Boyle's Law, 58-60 
Dextro-rotatory sublstances, laio 
Dielectric, loi 

constant, 102 
Dilute solution, 27 
Direction of current, 106 
Disgregation energy, 69 
Distance energy, 70, 84-^86 
Dyne, 87 



Elastic energy, 70, 88 

energy, factors, 98 

force, 98 

limit, ^ 

modulus, 98 
Electric-charges, attraction and re- 
pulsion, 100-103 

non-action on magnetism, 105 
Electrical-energy, 70, 99, 102, 107-109 

conversion into other forms, 112 

factors, 107-109 

from chemical aianges, 78, 143 
Electricity, concept of, 99, 100^ 102 

current of, 106 

direction of flow, 109 

distribution upon surfaces, 103 

positive and negative, 100 

simultaneous appearance of the 
two kinds, loi 

unit- quantity, 100, 106, 113 
Electrochemical constant, 1 19 
Electrode, 115 
Electrolysis, 1 14 

chemical changes in, 115, 117, 118 
Electrolyte, 114 
Electrolytic conduction, 1 14 
Electromagnetic radiation, 73, 125, 126 

units, 106, 113 

units, ratio, to electrostatic, 107 
Electromotive-force, no 

calculated from Second Law, 146- 
148, 156, I w, 161 
Electrostatic unit of electricity, 100 

units, ratio to electromagnetic, 107 
Elements, 34 

conservation, 34 

names and symbols, 47 

number, 34 

substances of same order, 35 

transformation, 6, 33, 35 
Elementary substance, 33 
Empirical formula, 49 

law, 5 
Emulsion, 26 
Energetics, definition, 76 

First Law, 76-79, 138 

Second Law, 137-163 



Energy and force compared, 86 
chemical, 70, 124 
cohesion, 69 

conservation of, 76-79, 138 
discussion of, 11, 13* 69, 73 
disgregation, 69 
distance, 70, 84-^ 
elastic, 70, 88 

electrical, 70, 99, 102, 107-109 
factors in general, 79^-82 
forms, 69 

gravitation, 14, 69, 83-87 
eat, 70, 120-124 

intensity, 79 

internal, 77, 124, 132 

internal of gases, 132-137 

kinetic, 14, 69, 82 

magnetic, 70, no 

measurement, 74 

mechanical, 71 

potential, 71 

radiant, 73, 125-132 

surface, 70, 90-93 

unit of, 74, 75 

volume, 70, 93-98 
Equation, chemicau, 49 
Equilibrium-conditions, 79, 142 

effect of temperature on, 159-160 
Equivalent, definition, 54 

metathetical, 54 

oxidation, 54 

weights, 52-56, 117 

Erg. 74. 87 

Ether, definition, 125 

Expansion-coefficient, 62 

values of, 64 
Experiments of Gay-Lussac, 132 

of Joule and Thomson, 132 

porous-plug-, 134 
External work, 77 

Factors of energy, 79-82 
Faraday's Law, 1 14-120 
Field, electric, 103 

intensity or strength, 104 
First and Second Laws contrasted, 

138 
First Law of Energetics, 76-79, 138 

Force, definitions, 04-88 

elastic, 98 

or gravitation, 85 

of gravity, 86 

lines of, 104 

units of, 87 
Formula, chemical, 49 

empirical, 49 

molecular, 67 

weight, 51 
Forms of energy, 69 
Fractionation processes, 28-29 
Friction causes irreversibility, 145 
Fusion, heat of* 121 
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Gas constant, 66, 96 

definition, 22 

perfect or ideal, 58, 137 
Gaaes, laws of, 56-67, 132-137 
Gay-Lussac's Laws, 61, 64, 132 

unit of force, 87 
Gram, unit of mass, 17 
Grayitational system of units, 87 
Gravitation constant, 84, 85 

energy, discussion, 14, 69, 83-^ 

energy factors, 83--88 

force of, 85 
Gravity, acceleration due to, 86, 87 

force of, 86 

normal intensity, 57 

specific, 18 
Grove Cell, 116 

HxAT attending expansion of gas, 133 
capacity, 120-122 
capacity of gases, 133 
effect of reaction, change with 

temperature, 122-124 
energy, 70, 120-124 
of fusion, 121 
of reaction, 122 
of solution, 121 
of vaporization, 121, 161-163 
radiant, 73 
transformation into work, 137- 

140, 148-155 

unit of, 75 
Hydrogen, properties of, 59-65, 136 

standard of combining weights, 39 
Hypothesis, 7 

Ideal gas, 58 

Index of refraction, 127 

Inductive reasoning, 5 

Insulator, no 

Intensity- factor of energy, 79 

Intensity of field, 104 

of radiant energy, 126 
Interference, 125 
Internal energy, 77 

energy of gases, 132-137 
Irreversible process, 141-145 
Isomeric substances, 48 
Isothermal change or process, 140 

changes. Second Law applied to, 
139-148 

JouLB, as unit of energy, 74 
experiments of, 132 
Heat-Effect, 112 
Law of, 112 

KiNBRGlTY, 17 
Kinetic-ener^, 14, 69, 82 

factors, 02 
Kirchhoff*s Law of Radiation, 131 



Lasvo- rotatory substances, 128 

Latent heat, 121 

Law, defini tion, 7 
of Boyle, ^6 

of Combinmg Volumes, 64 
of Combining- Weights, 38-42, 

48-49 . 
of Conservation of Energy, 76-79, 

138 

of Conservation of Matter, 18 

of Coulomb, zoi, 102 

of Dalton, ^ 

of Definite Proportions, 35-37 

of Energetics, First-, 76^9, 138 

of Energetics, Second-, 137-163 

of Faraday, 114, 116 

of Gay-Lussac, 61, 64, 132 

of Gravitation, 16, 83, 84 

of Joule, 112 

of Kirchhoff, 131 

of Mariotte, 50 

of Multiple Proportions, 37 

of Newton, 16^ 83, 84 

of Ohm, no 

of Refraction, 127 

of Temperature-Effect, 61-64 
Light, absorption, 130 

emission, 131 

intensity, 126 

intensity, variation with distance, 
120 

magnetic rotation, 129 

polarization, 128 

refraction, 127 

rotation of polarization-plane, 128 

velocity, 125, I2jr 

wave-length, 126 
Liquid, definition, 24 
Lines of force, 104 
Liter, 11 
Logic, 9 

Magnetic energy, 70, no 

field caused oy electric current, 106 

force of current, 106 

permeability, 105 

pole, 104 

potential, no 

rotation, 129 
Magnetism, concept of, 99, 104, 105 

non-action on electric charges, 105 

two kinds, 104 

unit of, 105 
Mariotte's Law, 56 
Mass, 14-17, 82 
Mathematics, 9 
Matter, concept of, 13, 15 

conservation, 18 

quantity of, 16^ 17 

unit of, 17 
Maximum work, 89, 141-144, 150 
Mean calorie, 75 
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Mechanical energy, 71 

equivalent ofheat, 75 
Meltine-point, 19 
Metallic conductor, 114 

substance, 25 
Metathetical reaction, 53 
Method, deductive, 7 

inductive, 5 

theoretical, 4 
Methods of science, 4-9 
Micron, 126, 

Minimum amount of work, 89, 141 
Mixtures, 26, 28, 48 
Modulus of elasticity, 98 
Mol, 66 

Molar concentration, 68 
Molecular formula, 67 

weight, definition, 65 
Momentum, 83 

Morley, determinations of, 65, 66 
Motion, 10 



Negative electricity, 100 

electrode, 115 

magnetism, 104 
Newton's law of gravitation, 16, 83, 84 
Nitrogen, pressure- volume products, 

59,60 
Non-conductor, no 
Non- metallic substance, 25 
Normal concentration, 56 

conditions, 66 

intensity of gravity, 57 

temperature, 62 
North magnetic pole, 104 

Object, definition, 11 

of science, 3, 8 
Ohm, as electrical unit, 113 

Law of, no, III 

mercury equivalent, 114 

reciprocal, 114 
Oxidation equivalent, 54 

reaction, 53 
Oxygen, pressure-volume data, 62 

standard of combining weights, 39 



Partial pressure, 58 

Percentage composition, calculation, 50 

Perfect gas, 58, 137 

Permeability, magnetic, 105 

Perpetual- motion of first kind, 77 

. of second kind, 137 
Phase, 27 
Phenomenon, 11 
Physics, 9 

Physical Sciences, 9 
Plane of polarization, 128 
-polarized light, 128 



Polarized light, 128 
Pole, magnetic, 104 

north and south, 104 

strength, 105 
Porous-plug experiments, 134 
Positive electricity, 100 

electrode, 115 

magnetism, 104 
Potential, definition, 107 

difiEerence, unit of, 108 

energy, 71 
Power, 72 

unit of, 75 
Practical system of electrical units, 1 13 
Pressure, definition, 74 

intensity- factor, 80 

units of, 57, 95 
Pressure-volume product at constant 
temperature, 57-60 

product, relation to combining 
weight, 64, 65 

product, relation to temperature, 
6i-(S4 

relations of gases, 65-67 
Process, cyclical, 139 

definition, 139 

irreversible, 141 

reversible, 141 
Property, additive, 30 

definition, 11 

specific, 12 
Pseudo-solution, 25 



Quantity of electricity, 100 
of heat, expression of, 75 
of magnetism, no 
of matter, 16 



Radiant energy, 73, 125-132 

heat, 73, 125, 126 
Radiations, electromagnetic, 73, 125, 

126 
Reaction, chemical, 51 

metathetical, 53 

of oxidation and reduction, 53 
Reciprocal ohm, 114 
Reduction, reaction, 53 
Refraction, 127 

Relative and absolute densities, 63 
Resistance, definition, no 

specific, III 

unit of, no, 113 
Resistivity, in 
Reversible change or process, 141 

cyclical processes, 145-157 
Reversibility, conditions of, 142-145, 

149. 151 
Rontgen Rays, 73 

Rotatory power, 129 
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Science, fundamental concepts,. lo 

methods, 4 

objects, 3 

subdivisions, 9 
Second (time unit), 11 
Second- Law equations, 153, 159 

and First Law contrasted, 138 

of Energetics, 137-163 
Selective absorption, 131 
Semipe rmeable wall, 26 
Snelrs Law of Refraction, 127 
Solid, definition, 24 
Solute, 27 
Solution, 25 

colloidal, 26 

pseudo-, 26 
Solvent, 27 

South magnetic pole, 104 
Space, concept of, 10 
Specific conductance, iii 

gravity, 18 

heat or heat- capacity, 120 

heat of fusion, vaporization, 121 

property, 12 

resistance, iii 

rotatory power, 129 

volume, 18 
Spectrum, 130 

Standard of combining weights, 39 
Stas, experiments of, 36, 38, 42-45 
States of aggregation, 19-22 
Strength of field, 104 

of pole, 105 
Substance, chemical, 28-32, 48 

compound, 32-33 

definition, 11, 12 

pure, 28-32, 48 
Surface color, 131 

density, 103 

energy, del., 70 

energy, factors, 88 

tension, 91 

tension, determination of, 91 

tension, unit of, 93 
Surroundings, 77 
Suspension, 26 
Symbols of elements, 47 
System, absolute-, of units, 10 

of bodies, 77 



Temperature coefficient of calorie, 75 
critical, 23 

effect on pressure- volume prod- 
uct, 61 






Temperature 

effect on vapor- pressure, 162 

intensity-factor of heat, 79 

scale, absolute, 62, 156 

scale, energetic or thermody- 
namic, 156 

scales, hydrogen and perfect gas 
compared, 155 

scale, normal, 62 
Theoretical principle, 7 
Theory, 7 

Thermodynamic temperature-scale, 1 56 
Thomson and Joule experiments, 132 
Time, concept of, 10 
Torsion-balance, 102 



Units, C. G. S., 10, 87, 100, 106 
international electrical, 114 
practical electrical, 113 
systems of, 10, 87, 100, 106, 113 
true electrical, 114 

Van der Waals* equation, 59 
Vapor, 23 

Vaporization, heat of, 121, 161-163 
Vapor- pressure, change with tempera- 
ture, 1 61 -1 63 

definition, 20 
Velocity of bodies, 10 

of light, 125, 127 
Volt, 113 
Voltaic action, 115 

cells, chemical changes in, 1 16, 1 19 
Volume energy, 70, 93-98 

energy, ractors, 93-94 

specific, 18 

Watt, as unit, 76 
Waves of radiant energy, 125 
Wave-length, 126 
Weight, 16, 17 

changes in chemical reactions, 18 
Work, definition, 71 

done in production and expansion 
of gases, 95-97 

done in volume-changes, 93-98 

electrical, 78, 112, 143 

external, 77 

maximum, 89, 141-144, 150 

Zero, absolute, of temperature, 62 
of potential, 108 ^ 
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